THE JOURNAL OF 
PHYSIOLOGY 


EDITED FOR 


THE PHYSIOLOGICAL SOCIETY 


BY 


M, pe B. DALY M. GRACE EGGLETON W. FELDBERG 
GERTRUDE E. GLOCK R. A. GREGORY G. W. HARRIS 
R, C. JORDAN B. KATZ R. D. KEYNES 
H. R. NOLTIE W. D. M. PATON C. G. PHILLIPS 


J. M. PETERSON (Chairman) W. A. H. RUSHTON 


Volume 138 


1957 


LONDON 
CAMBRIDGE UNIVERSITY PRESS 


“J 
‘ 
+ 
| 
& 
% 
| 
| 
q 
| 
vi 4 


Printed in Great Britain at the University Press, Cambridge 
(Brooke Crutchley, University Printer) 
and published by the Cambridge University Press 
London: Bentley House, N.W. 1 


American Branch: 32 East 57th Street, New York 22, N.Y. 


Agents for Canada and India: Macmillan 


By 


con 


8. E 
7 
med 
nervy 
T 
cent 
A 
mot 
T 
By 
d 


CONTENTS OF VOLUME 138 


No. 1. 29 August 1957 


The hormonal control of function pregnancy. 
BRENDA M. SCHOFIELD . 


Fate and excretion of the pressor sity of race i in rats. By 
S. E. Dickgr and Joan Nunn... 

A technique for recording functional activity in ical groups of 
medullated and non-medullated fibres in whole nerve trunks. wee W.wW. 
DovetasandJ.M.Riromm. ... 


On excitation of non-medullated afferent fibres in the vagus and aortic 
nerves by pharmacological agents. By W. W. Dovetas and J. M. Rrronre 

The effect of a rapid change in Na+ balance on the salivary Na+: K+ con- 
centration ratio of rere wre neg sf D. A. Denton and I. R. 
McDonaLpD 


A study of the ‘desensitization’ stihi by sects at the 
motor end-plate. By B. Karz and 8. THesLerr d 


The output of sympathetic transmitter from the sige of the cat. 
By G. L. Brown and J. 8. GutesPre ‘ ; ‘ 


Pulmonary blood flow in the cat. The effect of — pressure 
respiration. By Gwenpa R. Barer and E. Nisser 


The effect of ions upon neuromuscular transmission in a herbivorous 
insect. By D. W. Woop A ; 


The exchange of potassium for caesium and rebidium j in bo muscle. 
By Martin and B. ScHNEIDER 


Heat production in new-born infants under normal and hypoxic 
conditions. By Huan R. Bropm, K. W. Cross and T. R. Lomzr 


No. 2. 23 September 1957 
The expenditure of energy by men apd women oe ahs 
Booygns and W. R. KeaTincE 


Excitation and inhibition of rabbit atria the nerves. 
J. H. Bury and M. J. Ranp ‘ 


Effect of tubocurarine on the electrical activity of the cat’s brain under 
chloralose. By W. J. L. and I. Darian 


PAGE 


19 


31 


81 


103 


119 


140 


156 


165 


172 


178 


. 
a 

ra) 

l 

ll 

63 

= 
> 

4 

ig 

4 

d 

> 

x 


CONTENTS 


Observations on the cerebro-spinal fluid pressure in the saa cat 
preparation. By H. F. Grunpy and F. Howarrs. ‘ ; 


Observations on the perfused cat preparation with special reference to 
the production of vaso-active substances in the sans blood. is 
H. F. Grunpy and F. Howarrs . 


Synaptic actions on motoneurones caused in tendon 
LUNDBERG A 


Movements of labelled calcium in oid ie axons. Oh A. L. 
Hopexrn and R. D. 


New experimental approach to the rit es of the air pathway within 
the avian lung. By P. M. Biaes and A. 8. Kine . 


Effect of bladder distension on arterial blood pressure and renal circu- 
lation in acute spinal cats. By 8. R. MUKHERJEE . 


Effect of bladder distension on arterial blood pressure and renal circu- 
lation: role of splanchnic and buffer nerves. By 8S. R. MUKHERJEE 


The removal of “C-labelled chylomicron fat from the circulation in 
rats. By J. E. Frence and Bepr Morris 


No. 3. 30 October 1957 


Diverse forms of activity in the somata of spontaneous and integrating 
ganglion cells. By Tazoporz and Caro A. TeRzv0Lo 

The action of gamma aminobutyric acid upon cortical electrical 
activity in the cat. By Krrsuya Iwama and Hersezrt H. Jaspzr 


The behaviour of tonic and motoneurones during stimulation of re- 
current collaterals. By Raanar Grant, J. E. Pascox and Goran Stree 


Further observations on vasoconstrictor substances in blood of rabbit 
and man. By J. Armin and R. T. Grant 


Armin and R. T. 


The nature of the antagonism between calcium and eee ions at 
the neuromuscular junction. By D. H. Jenxmson 


A comparison of the heat elimination from the normal alah nerve- 


C. T. SHEPHERD 
and R. F. 


215 


Fr 
adm: 
How 

Re 
corte 

TI 
rabb 

gast 

Tl 
pota 

T 


~ 


> 


4 PAGE 

| 
4 | 
| 
| 207 
j 253 

282 

365 
3 


CONTENTS 


Functional changes produced in the adrenal cortex of the rat by 
administration or by release of MARGARETHE 
and Marrae 

Restoration of normal secretion in the hexoestrol-inhibited adrenal 
cortex of the rat. By Marcarretue Houzpaver and Voor 


The elastic pressure-volume curves of the ee and thorax of the — 
rabbit. By L. Bernstein 


The presence of a liberator in the 
gastro-intestinal tract. By C. C. Tox 


The effects of 5-hydroxytryptamine on the movement of sodium and 
potassium through the isolated amphibian skin. By V. R. Pick.gEs 


The rate of action of calcium ions on the contraction of the heart. By 
R. NIEDERGERKE . 


PAGE 


473 


"4 
V 
hy 
460 
4 
3 
a 
> 
4 
+ 


vi CONTENTS (PROCEEDINGS) 


PROCEEDINGS OF THE PHYSIOLOGICAL SOCIETY 


19-20 July 1957 


Dawes, G. 8. and Mott, Joan C. ee 
with a velodyne flowmeter on a model . ‘ 

Bilbring, Edith and Lin, R. C. Y. Method of recording transport of during 
peristalsis by isolated guinea-pig’s ileum : 

Morris, Valerie B. and Pirenne, M.H. Apparatus for 
known amounts of light energy while recording electrically from the C.N.S. . 


of the blood (Film) 


Cambridge, G. W., Holgate, J. A. A modified Gibwon gua 
epparatos for class ase ‘ 


Akeater, A. R. and Cross, B. A. Parturition in the rabbit induced by oxytocin 
Cole, J., Dickson, B. F., Johnoon, W. G. H., Kay, R. H. and Teal, R. H. Recording 

spontaneous activity j in monkeys by a photo-electric method . 
Matthews, P. B. C. 
stretches 


Bolton, D. P. G., Cunningham, D. J.C., Hey, H. N. and Lloyd, B. B. The demonstra- 
tion of changes in the oardiae outpat in exercise by the method of Douglas 
and Haldane . ‘ 

Blumer, W., Bryce-Smith, R., Cole, J. Epotein, H. and Glees, P. Ke 
studying the effects of drugs on monkeys subjected to hypothermia 

Ambache, N. 
assay 

Cook, W. £. ond Pickering a. A method for separating glomeruli from the 
kidney 


Pearson, C. and Smith, A. G. A histologial comparison between the coebellm of 
frog and cat . 


Phillips, C. G. and Wright, T. Massive caringe for experiments 
on central nervous system . 


Banister, Jean and White, C. The effect of Caio onthe action ofthe sympathetic 
nerves on the isolated perfused heart of Rana esculenta . 


Coxon, R. V. and Robinson, R. J. Experimental arrangement for sampling blood 
from various regions in an animal metabolizing radioactive carbon ; ; 


Dawes, G. S., Handler, J. J. and Mott, Joan C. 
vascular system to adrenaline 


Boyd, I. A. and Hadie, W. R. Blectrone recording ofthe activity ofthe perfumed 
frog heart 

Balbring, and Lin, B. 0 Y. The ation of (6-H) on 
peristalsis 


Muscholl, E. and Vogt, Marthe. 
following injections of reserpine 


PAGE 


1P 


1P 


1P 


IP 


1P 


3P 


3P 


3P 


3P 


5P 


6P 


6P 


8P 
8P 


8P 


8P 


9P 
oP 


oP 


10P 


12P 
13P 


14P 


| 
1 
~ Oo 
= 
. 
Bra 
Rie 
F 
| 
4 | Me 
4 


CONTENTS (PROCEEDINGS) 


Lippold, O. C. J., Redfern, J. W. and Vuéo, J. The relation between. the stretch 
muse 

Hervey, G. R. purablotic 

Vane, J. R. Brequency of contraction factor in the action of drugn on iolated 
heart tissue 


Draper, M. H., Ladefoped P. and D. th 


Bennett, P. B. and Glass, A. [High partial promuresof nitrogen and abolition of 
blocking of the occipital alpha rhythm . ; 

Linzell, J. L. and Waites, G. M. H. The fects of occluding the carotid and vertebra 
arteries in sheep and goats. ‘ ; 

Iggo, A. Conduction velocity in vagal afferent fibres ‘ 

Barer, R. and Gaffney, F. M. Obscure factors in h lobi t 


Dick, D. A. T. and Lowenstein, Leah M. 
measured by immersion refractometry . ‘ 


Bedford, T. H. B. The nature of the rise in pressure of the cerebrospinal fluid that 
accompanies passive movement of the head in the anaesthetized dog 


Evans, M. H. Afferent fibres which mediate reflex pupillary dilatation 

Lloyd, D. P. C. Some observations on sweat emergence in the central pal of the 
paw of the cat 

Matthews, P. B.C. The effect ofthe loa! application of procaine onthe stretch reflex 
of cats decerebrated by the anaemic method . 

Fernandez de Molina, A. and Huneperger, R. W. Affective reactions obtained by 
electrical stimulation of the amygdala . . 

Holmes, R. and Torrance, R. W. pasting tine 

Diamond, J., A. B. and Inman, R. D. 
tration 

Greengard, P. R. W. Effect of glucose deprivation on the post tetanic 
hyperpolarization of mammalian non-medullated nerve fibres . 

Chennells, Mary H. D. Patterns of respiratory discharge in the cat and rat . 

binaural stimulation 

Phillips, C. G. Differentiation of alternative fibre 
converging on single Purkinje cells of the frog’s cerebellum . . 

de Wardener, H. EB. and Herxheimer, A. The effect of « high water intake on 
salivary secretion, salt consumption and taste thresholds in man . : 

Crampton, R. #'. The cation content of the rat kidney . 

Belcher, B. H. and Harriss, Eileen B. Studie of plasma volume, red cell volume 
and total blood volume in young growing rats ‘ 

Bidwell, Ethel and Biggs, Rosemary. of 
of crude egg phospholipid 

Richards, T. G., Tindall, V. R. A. 
sulphthalein plasma concentration and the dye content of the liver and bile 
after single injection in anaesthetized dogs 

Fitzsimons, J. T. Normal drinking in rats 

Hakim, 8. A. EB. Poppy alkaloids and glaucoma . . 

Margolis, J. Initiation of clotting and formation of pain producing 
substance by contact with glass 


27P 


31P 


32P 


36P 


37P 


37P 


38P 


39P 
40P 


41P 


PAGE 
14P 
16P 
17P 
20P 
21P 
22 P 
22P 
24P 
26P 
26 P 
28P 
29P q 
30P 
33P 
34P q 
35P 7 
35P 
a 
= 
| 


viii CONTENTS (PROCEEDINGS) 


Neame, K. D. and Wiseman, G. Transamination by the small intestine in vivo 


Lewis, H. E., Masterton, J. P. and Rosenbaum, 8. Se 
on the banal metabolic rate in men . 


Glaser, M. of ctivity and food intake on diurnal variations of body 
temperature . 

Longmuir, I. 8S. and Moore, R. Z. The change with age in the critial oxygen 
concentration of kitten liver slices . ° 

Ganju, 8S. N. and Lockett, Mary F. cm, 
ectomized mice 

Pickles, V. R. A plain-muscle stimulant in the menses , 

Michael, R. P. and Scott, Patricia P. Quantitative studios on meting behaviour of 

spayed female cate stimulated by treatment with oestrogens . 
Harper, A. A., Kidd, C. and Scratcherd, T. Alterations in vagally stimulated 
gastric contractions after a period of fast repetitive vagal stimulation . 
Harries, E. H. L. The mode of action 
gastric secretion 

Chaudhury, R. R. ond Walker, J. Rate of disappearance of injected oxytocin 
from the blood 

Coles, D. R., Cooper, K. E., Cranston, W. I. and Goodale, F. The effects of intra- 
venous pyrogen upon the radiant heat induced vasodilatation in man 

Kerslake, D. McK. and Waddell, J. L. The relation between the coefficients for heat 
exchange by convection and by evaporation . 

Davey, D. A. and Motiram, R. F. the 
circulation of the foetal sheep 


Harrison, G. Ainsworth. The high-temperature tolerance of mice reared at two 
different temperatures 


PAGE 
41P 


42P 


42P 
43P 


44P 


44P 


45P 
46P 


46P 


47P 


48P 


50P 
51P 


52P 


53P 


53P 


54P 


4 

| 

¢ 

4 


Am 


Fron 


a a polar environment 
TI 
It h 
re 
uter 
4 horn 
| (Csa 
1956 
acto 
4 mail 
resp 
b 
in tl 
exci 
leve 
dor 
wou 
q met 
rela 
fere 
tive 
leve 
give 
‘ is d 
wa} 
and 
eler 
var 


J. Physiol. (1957) 138, 1-10 


THE HORMONAL CONTROL OF MYOMETRIAL FUNCTION 
DURING PREGNANCY 


By BRENDA M. SCHOFIELD 
From the Department of Physiology, Royal Veterinary College, London, N.W. 1 


(Received 15 February 1957) 


It has been shown that the ovarian hormones oestrogen and progesterone 
regulate the behaviour of the myometrium, and that the reactions of the 
uterine musculature are determined by the relative amounts of the two 
hormones secreted. These effects have been demonstrated both in vitro 
(Csapo & Corner, 1952; Corner & Csapo, 1953) and in vivo (Schofield, 1954, 
1955). 

Contractility is dependent basically on the intracellular concentration of 
actomyosin, ATP and other high-energy phosphates, and these substances are 
maintained by the presence of a minimal amount of oestrogen which is 
responsible for their synthesis (Csapo, 1950; Menkes & Csapo, 1952). It can 
be assumed that after puberty, in the rabbit, oestrogen levels are always 
adequate to maintain at least a basic level of intracellular contractile proteins 
in the myometrium, and the uterus is always capable of contracting if suitably 
excited. Superimposed on this basic level of oestrogen there may be a higher 
level of oestrogen secretion when the uterus can be said’ to be ‘oestrogen- 
dominated’, or alternatively a high level of progesterone when the uterus 
would be ‘progesterone-dominated’. After puberty, therefore, the myo- 
metrium is dominated by either oestrogen or progesterone according to the 
relative amounts of these two hormones secreted. The uterus behaves dif- 
ferently when under the dominance of oestrogen and of progesterone respec- 
tively; although the intracellular contractile system maintained by minimal 
levels of oestrogen is apparently the same, the reactions of the myometrium toa 
given set of stimuli are different. Csapo (1954) has shown that this difference 
is due to the effect of progesterone on the myometrium in inhibiting in some 
way the link between the stimulus and the contractile proteins (getivation) 
and the passage of the stimulus along the muscle to activate the contractile 
elements simultaneously (conduction), Further analysis indicates that these 


variations are due, not to any difference in cellular structure or in the 
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contractile system itself, but to an alteration in the intracellular K concentra- 
tion and a changed ionic balance (Csapo, 1956a, 6, c). 

It became of interest to see how the body utilizes these opposite effects of 
oestrogen and progesterone on the myometrium in the control and regulation 
of pregnancy, and to devise a method whereby the hormone dominance could 
be followed throughout pregnancy. In the experiments so far carried out in 
this series, the uterine segment was stimulated directly in the living animal by 
electrical stimuli and the contractile response recorded by an isometric 
system. The various patterns of behaviour elicited in this way are dependent 
upon the dominant hormone, and of these patterns the most consistent is the 
staircase effect (Schofield, 1954, 1955). The staircase effect is the variation 
which occurs in the tension developed by the uterine segment when the 
frequency of stimulation is changed. Thus an oestrogen-dominated uterus 
exhibits a positive staircase effect, with positive correlation between frequency 
and tension, and the higher the frequency of stimulation the higher the tension 
developed. On the other hand, the progesterone-dominated uterus exhibits a 
negative staircase effect, and the higher the frequency of stimulation the lower 
the tension developed (Fig. 1). The direction of slope of the staircase is con- 


sistently related to the dominant hormone, and the staircase effect can be used 


as a test to indicate which is the dominant hormone at the time of the experi- 
ment—a positive staircase indicating oestrogen domination, a negative stair- 
case indicating progesterone domination. Using this test the hormone 
dominance was traced in the rabbit during pregnancy at various stages from 
conception to parturition. 

METHOD 


Virgin New Zealand White rabbits of two different strains were used. The right Fallopian tube was 
tied either a few days before mating or 6 hr after, in order to produce a unilateral pregnancy. 
Experiments were then carried out on the non-pregnant horn in the living animal at various times 
during pregnancy using the technique already published (Schofield, 1955). The methacrylate 
polymer (Plexiglas) chamber was inserted into the abdomen through a longitudinal incision and 
the uterine horn pegged inside on to the platinum electrodes. A platinum hook passing down the 
chimney of the chamber and around the uterus represented the other pole of the stimulator and 
was attached by thread to the short arm of an isometric lever which wrote on smoked paper. The 
abdominal wall was sutured round the Plexiglas chamber above the flange and the position of the 
chamber was adjusted so that the uterine segment was at resting length (Schofield, 1955). Stimuli 
of 10 V (50 c/s a.c.) per segment of 2-5-3 cm and 5 sec duration were applied through the electrodes, 
and the response recorded on the kymograph. The frequencies employed were 1 stimulus per }, 1 
and 2 min respectively, as described previously (Schofield, 1955). In each experiment, after the 
staircase had been recorded twice, the stimulator was disconnected and the uterus allowed to 
develop spontaneous activity. Threshold doses were then found for the amount of adrenaline and 
oxytocin which when injected into the ear veins would stimulate the myometrium to develop 
tension higher than the spontaneous tension. Tension developed by the segment stimulated at a 
frequency of 1/min was measured. At the end of the experiment, after the animal had been killed 


the uterine segment between the platinum electrodes was excised, weighed and measured, andthe _ 


ovulation points or corpora lutea were counted. The number of foetus was recorded. 
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MYOMETRIAL CONTROL IN PREGNANCY 


RESULTS 


The staircase effect shows that when mating occurs and the animal is in oestrus 
the myometrium is dominated by oestrogen and the staircase is positive 
(Schofield, 1955). This was originally shown in the isolated preparation 
(Csapo & Corner, 1952). The staircase is similar to that in the oestrogen- 
dominated ovariectomized animal (Fig. 1). As the corpora lutea develop and 
secrete progesterone, the uterus becomes progesterone-dominated soon after 
mating. As the uteras passes from the dominance of one hormone to the 
other it must pass through an intermediate stage when neither hormone is 


Fig. 1. Tracing to show the positive staircase of an oestrogen-dominated uterus and the negative 
staircase of a progest dominated uterus. The rabbits were ovariectomized and treated 


with oestrogen and progesterone respectively. Tension in g; time marker 1 min. 


dominant and each balances the other. This is shown in the staircase effect by 
the absence of any slope to the staircase and no significant changes in tension 
for the three different frequencies of stimulation. This is called the ‘transient 
staircase’ (Schofield, 1955) and it intervenes between the positive and negative 
staircase as the myometrium passes from the dominance of one hormone to 
the other. 

The present series of experiments shows that the change-over from oestrogen 
to progesterone domination occurs from 20 to 28 hr after mating. Fig. 2 shows 
the staircase effects recorded between 15 and 32 hr after mating, before this 
the staircase is positive, after it, it is negative. This figure illustrates the time 
of change-over from the dominance of one hormone to the other. Unfortunately 


it became necessary in the middle of this series of experiments to change the 
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source of supply for the New Zealand White rabbits, and the results, as can be 
seen from the figure, are different in the two groups. The change-over in 
hormone domination occurred about 8 hr later (at 28 hr) in the second group 
(x) than in the first group (©). There was no apparent reason for this dif- 
ference. The rabbits were of similar size and age, early adulthood, the ovula- 
tion points were equally numerous, the same males were used, and the 
conditions were essentially similar. The only other factor might be the time 
of year, the x group were examined from August to March, and the O group 
from April to July: but this explanation seems unlikely since the difference 
is so clear-cut, and the two groups of experiments overlapped for a few weeks. 


STAIRCASE 

P iti . ‘ ‘ ‘ ‘ ‘ 


15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
Hours after mating 
Fig. 2. Graph showing the change-over from positive through transient to negative staircase as 
the hormone dominance of the myometrium moves from the oestrous to the progestationa| 
state after mating. x and © indicate the two strains of rabbits which were used. 


Following the initial change-over the progesterone remains dominant until 
late in pregnancy, the uterus always showing a negative staircase (Fig. 3). 
At the end of pregnancy there is a reversion to oestrogen domination and the 
staircase becomes first transient then again positive at approximately the 
30th day after mating (Fig. 4). There is apparently no difference in the time 
of change-over in the two groups of rabbits. Parturition in these rabbits 
occurs usually at the end of the 3lst day after mating, hence the change-over 
in hormone dominance occurs approximately 24 hr before parturition. 

Tensions developed by the segments when stimulated at a frequency of 
1/min were considered relative to the time in pregnancy at which they were 
measured. It was found that the tensions expressed in g/cm length of 
segment were more consistent than those expressed in g/g weight of segment, 
as was found previously in ovariectomized rabbits treated with crystalline 
female sex hormones (Schofield, 1955). Consequently only the tension ex- 
pressed in g/cm length was considered. The tension values could be divided 
into three groups—tensions recorded on the first day, during the first half and 
during the second half of pregnancy respectively. The tensions developed from 
the second day to the end of pregnancy are shown in Table 1, and the average 


2 
val 
at 
4 
pr 
4 
i] 
> 
18 
ii 
= 
( 
4 


MYOMETRIAL CONTROL IN PREGNANCY 5 


values for each of the three groups in Table 2. The average tension developed 
at mating and on the first day of pregnancy is 7-2 g/cm, thereafter it decreases 
by about half and is low during the first half of pregnancy. It then rises 
considerably and at the end of pregnancy is about double the initial value; this 


TaBLE 1. The tension, in g/cm length of segment, developed by the uterus from the second day 
to the end of pregnancy. The line shows where the division is made for the average values in 
Table 2 


Day of Tension Dayof Tension Dayof Tension Day of Tension 
pregnancy (g/cm) pregnancy (g/cm) pregnancy (g/cm) pregnancy (g/cm) 


2 3-0 15 3-5 23 15-0 29 20 
3 3-7 15 7-6 24 23-0 29 16 
4 3-6 16 3-5 24 18-0 30 15 
4 1-5 16 7-5 25 220 . 30 19 
5 3-8 17 8-5 26 13-5 30 22 
7 5-4 17 12-4 27 15-0 30 26 
8 4-0 17 8-5 27 13-0 30 21 
10 2-3 17 6-0 28 17-0 30 14 
ll 5-5 18 9-6 28 9-0 30 23 
12 3-0 18 9-7 29 14-0 31 28 
12 2-0 19 12-0 29 24-0 31 24 
13 6-8 20 11-0 29 22-0 31 16 
13 4-4 21 10-0 29 12-0 
14 6-4 22 10-8 29 17-0 
STAIRCASE 
50 Negative 8x 
40 
30 Transient xi Xx 
x 
2 
0 
HN HR 
Time In min Day of pregnancy 
Fig. 3 Fig. 4 


Fig. 3. Trace showing the staircase effect of the myometrium on the thirteenth day of pregnancy. 
Constant stimulus = 10 V; duration, 5 sec; tension in g; time marker 1 min. 

Fig. 4. Graph showing the change-over from negative through transient to positive staircase as 
the hormone dominance reverses at the end of pregnancy with the decline of the corpora 
lutea. x and © indicate the two strains of rabbits which were used. 


is in agreement with the measurements made by Csapo (1956a) in his experi- 
ments om vitro. 

The threshold doses of oxytocin and adrenaline were divided into three 
groups according to the stage of pregnancy at which they were determined 
(Table 3): (1) the first 30 hr after mating; (2) the time during pregnancy when 
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the uterus shows a negative staircase, that is from 2 to approximately 29 days; 
(3) the time at the end of pregnancy when the staircase is either transient or 
positive. This is in fact a division of thresholds according to the hormone 
dominance of the uterus, and the oxytocin thresholds correlate well with the 
relative hormone levels indicated by the staircase effect. At mating and on the 
first day of pregnancy the average threshold is 0-04 u. Thereafter the threshold 
increases considerably and the reactivity of the myometrium is very low. In 
the second group, twenty-five of the uteri were not reactive to the largest dose 
of oxytocin which was tested on a particular uterus, namely 1, 2, 4 or 5 u. 


TaB_e 2, The average tensions developed by the uterine segment on the first day, during the 
first half and during the second half of pregnancy in the living rabbit 


Day of pregnancy és0 eee 1 2-16 17-31 

Average tension (g/cm length 7-2 4-3 16 
of segment) 

No. of rabbits (24) (18) (36) 


Taste 3. Threshold doses of oxytocin and adrenaline for the uterus at various stages of 
pregnancy. Lower figures show the number of rabbits from which the average was taken 


I II 
Transient or 
staircase ; positive staircase ; 
0-30 hr dove end 
(u.) (ug) (u.) (ug) u.) (vg) 
0-04 0-3 4-5 2-3 0-026 1-22 
(16) (16) (39) (39) (11) (11) 


In determining the average of this group these largest amounts tested were 
doubled and added in with the other figures, hence the average of 4-5 u. is 
probably low since some of the myometria were apparently insensitive to 
oxytocin. This second group of uteri, showing a negative staircase, were very 
much less reactive to oxytocin as compared with the first oestrous group. In 
the third group of uteri, showing a transient or positive staircase, the average 
threshold is considerably reduced, to 0-026 u. oxytocin, which is lower than 
the value for the first oestrous group. This represents, therefore, a state of 
maximal reactivity. It is possible that the transient and positive staircase 
groups could be separated, but a much larger series of results than this would 
be necessary to show a statistically significant difference in the averages. 

On the other hand, the adrenaline thresholds, also shown in Table 3, do not 
conform to any plan. The scatter in each group is very wide, and the average 
values do not seem to indicate a change in muscle reactivity as shown by the 
oxytocin thresholds. For example the average threshold at the end of preg- 
nancy is much greater than that for the oestrous uterus. 
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DISCUSSION 


Observation of the staircase effect indicates that progesterone dominates the 
myometrium throughout pregnancy except for the first and last days when 
oestrogen is dominant. On the first day the animal is passing out of the 
oestrous state and is developing corpora lutea which secrete progesterone; at 
the end of pregnancy, approximately 24 hr before parturition, the corpora 
lutea have declined and on the last day oestrogen again becomes the dominant 
hormone. This is in agreement with Csapo’s findings (19565) that the with- 
drawal of progesterone leads to maximum efficiency within a period of 24 hr 
in the rabbit. In addition, Csapo carried out experiments in which parturition 
was induced with oxytocin or prevented by previous progesterone adminis- 
tration, and it was concluded that in normal pregnancy in the rabbit the 
progesterone ‘block’ is withdrawn during the 30th day of pregnancy. The 
relative amounts of oestrogen and progesterone present are indicated not only 
by the direction of slope of the staircase which is determined by the dominant 
hormone, but also by the gradient of the slope which shows the degree of pre- 
dominance. Thus a very steep slope indicates a considerable dominance of one 
hormone over the other, whereas a staircase nearer to a transient staircase is 
indicative of only slight functional dominance. In mid pregnancy, for 
example, the uterus shows a very steep negative staircase, indicating that 
progesterone is greatly in excess of oestrogen (Fig. 3). 

The staircase effect is indicative only of the relative amounts of oestrogen 
and progesterone present, not of the absolute amounts. There is as yet no 
means of measuring absolute amounts of progesterone, but there is a func- 
tional clue to the amount of oestrogen influencing the myometrium. Csapo & 
Corner (1953) have shown that contractility of the myometrium is dependent 
upon oestrogen, which supports the synthesis of the intracellular contractile 
proteins and sources of energy. Thus in an ovariectomized rabbit these 
substances fall to very low levels and the uterus is not capable of developing 
tension. Daily administration of oestrogen, however, leads to resynthesis of 
actomyosin, ATP and other high-energy phosphates and restores the con- 
tractility of the myometrium to the pre-spaying oestrous level. The concen- 
tration of contractile proteins in the myometrium is thus directly proportional 
to the amount of oestrogen present. Any increase in contractile proteins must 
be the result of an increased secretion of oestrogen, and in its turn results in 
a greater ability of the myometrium to develop tension. The conclusion may 
be drawn, therefore, that, other things being equal, tension developed by a 
uterine segment is proportional to the amount of oestrogen present. 

Some of the reduction in tension apparent during the first half of pregnancy 
must be due to high levels of progesterone. It was found (Schofield, 1955) that 
in two groups of ovariectomized rabbits receiving the same amount of oestrogen, 
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one group which received progesterone developed significantly lower tensions 
than the control group. Progesterone does not influence the intracellular 
contractile system itself (Corner & Csapo, 1953), but interferes with activation 
and conduction in the muscle (Csapo, 1956a-c), thus reducing the tension 
developed in response to a given stimulus. It is doubtful whether progesterone 
alone could effect the tension changes observed in these experiments, and it is 
probably safe to assume that alterations in tension reflect for the most part 
alterations in oestrogen levels. 

As can be seen from the results, the tensions developed during pregnancy fall 
clearly into three groups, and the average values for each group are signifi- 
cantly different. The figures indicate that oestrogen levels fall during the first 
half of pregnancy. In an ovariectomized animal, when no oestrogen is present, 
the myometrium loses its characteristic reactions, such as the staircase effect, 
as well as the ability to develop tension (Csapo & Corner, 1952). During the 
first half of pregnancy, however, although the tension is very low, there must 
still be minimal amounts of oestrogen present, since electrical stimulation of 
the myometrium evokes reactions characteristic of the dominant hormone. 
Tension development indicates that about the 16th day of pregnancy oestrogen 
levels begin to rise. This rise continues and at the end of pregnancy there is a 
high level of oestrogen with maximal contractility of the myometrium, the 
tension then being about double that developed by the oestrous uterus. These 
findings are consistent with the work of Csapo (1953) in which he found that 
the actomyosin concentration in the rabbit uterus falls during the first half of 
pregnancy. Thereafter it rises to reach a maximum value at parturition, which 
is considerably in excess of the concentration in the oestrous uterus. 

The hormonal pattern indicated by these experiments is consistent with the 
type of activity which Alvarez & Caldeyro (1950, 1953) found by recording 
isometrically the contractility of the human uterus during pregnancy. They 
showed that localized contractions of low tonus and intensity and high 
frequency, recorded during early and middle pregnancy, become, at the end 
of pregnancy, generalized contractions of high tonus and intensity and low 
frequency which reach their maximum efficiency during labour. 

Oxytocin thresholds determined during pregnancy were divided into groups 
according to the direction of the staircase determined concomitantly. Average 
values for the threshold are significantly different for each group and cor- 
relate well with the hormonal levels indicated by the staircase. They show 
that the reactivity of the myometrium falls to its lowest with the assumed 
highest levels of progesterone, as in mid pregnancy, and increases to a 
maximum when the oestrogen levels are high and progesterone minimal or 
absent, as on the last day of pregnancy. For example, as much as 5 u. oxytocin 
elicited no response in mid pregnancy, whereas 0-01 u. on the last day of 
pregnancy resulted in the extrusion of one or two foetus. Adrenaline thres- 
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holds, on the other hand, were widely scattered, and the average values bore 
no relation to concomitant hormone levels. It is difficult to know why this 
should be the case since one might expect a general level of reactivity of the 
myometrium for all stimulating agents. 

In considering oxytocin thresholds, pregnancy can be divided into three 
groups of approximately 1, 29 and 1} days respectively. These groups reflect 
the level of progesterone as indicated by the staircase effect. In considering 
tension development, however, pregnancy can be divided into three groups of 
approximately 1, 15 and 154 days respectively and these reflect the level of 
oestrogen secretion. It would seem, therefore, that the reactivity of the myo- 
metrium is related to the level of progesterone, whereas the degree of reaction 
is related primarily to the level of oestrogen so far as one can dissociate the 
effects of these hormones. 

The observations described here indicate the following over-all hormonal 
pattern during pregnancy in the rabbit. After mating the level of oestrogen 
falls while that of progesterone rises, the change-over in hormone dominance 
occurring at about 24 hr after mating. Thereafter myometrial activity is 
reduced during pregnancy by the protective action of high levels of pro- 
gesterone. The tension developed during early pregnancy is low owing to a 
low level of oestrogen, but about the middle of pregnancy the output of 
oestrogen, from whatever source, and hence the ability of the myometrium to 
develop tension, becomes greater, and maximum levels of oestrogen are 
reached at the end of pregnancy. On the 30th day of pregnancy the corpora 
lutea decline and the progesterone level falls, hence the reactivity of the myo- 
metrium increases sharply. The effect of these hormonal changes at the end of 
pregnancy, therefore, is to produce conditions optimal for the process of 
parturition, that is, maximum contractility and reactivity of the myometrium. 

This evidence supports the thesis, consolidated by Csapo (1954, 19564), that 
during pregnancy the myometrium is inactive owing to the influence of pro- 
gesterone. Parturition occurs as a result of a change-over in hormone domi- 
nance from low oestrogen and high progesterone to high oestrogen and low 
progesterone levels. 

SUMMARY 

1. Ovarian hormone dominance was traced throughout pregnancy in the 
living rabbit by observing the staircase effect on the myometrium. 

2. It was found that progesterone dominates the uterus during pregnancy 
from approximately the 24th hour to the 30th day after mating. On the first 
and the last days oestrogen is dominant. 

3. Tension developed by the myometrial segments indicates that oestrogen 
levels fall after mating and are low for the first half of pregnancy. Thereafter 
these levels rise and are high at parturition when the uterus is able to develop 
maximum tension. 
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4. Oxytocin thresholds show that the reactivity of the myometrium is 
lowest while progesterone is dominant, and highest with the greatest output of 
oestrogen, when progesterone is absent, on the last day of pregnancy. 

5. These findings are discussed and it is concluded that myometrial con- 
tractility and reactivity are low during pregnancy owing to low levels of 
oestrogen and the protective action of high levels of progesterone. Oestrogen 
secretion begins to rise about the middle of pregnancy, and, on the last day 
of pregnancy, progesterone levels fall sharply. Thus parturition occurs as a 
result of a change-over in hormone dominance from high progesterone and low 
oestrogen to high oestrogen and low progesterone levels. 


My thanks are due to Professor E. C. Amoroso for helpful comments on the manuscript. 
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ADDENDUM 


Since this paper was written it has come to my notice that comparable 
experiments have been carried out by Dr L. Ph. Bengtsson using a 
modification of my technique. The results are being published in the 
American Journal of Obstretics and Gynecology. Similar conclusions are 
drawn from both sets of experiments with regard to the hormonal shift at 
the end of pregnancy. 
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FATE AND EXCRETION OF THE PRESSOR ACTIVITY 
OF VASOPRESSIN IN RATS 


By 8. E. DICKER anp JOAN NUNN 
From the Department of Pharmacology, University College London — 


(Received 20 February 1957) 


The fate of the antidiuretic activity of vasopressin has been investigated in 
experiments m vivo (Burn & Singh Grewal, 1951; Heller, 1952, 1953; Ginsburg 
& Heller, 1953; Dicker, 1954; Dicker & Greenbaum, 1954) and in experiments 
in vitro (Heller & Urban, 1935; Birnie, 1953; Dicker & Greenbaum, 1956). The 
antidiuretic activity of vasopressin appears to be inactivated by both liver and 
kidneys though the manner in which the inactivation takes place is still not 
clear. As for the metabolism of the pressor activity of vasopressin, little 
is known about its fate in the body beyond the fact that the pressor activity of 
post-pituitary gland extracts appears to be less stable than the antidiuretic 
activity (Heller, 1939). 

Since vasopressin has been synthesized there can be no doubt that both 
activities belong to the same octapeptide molecule. According to van Dyke 
(1955) the pharmacological activities of the vasopressin are abolished by 
cleavage of the disulphide bond. As, however, the two activities of vaso- 
pressin are so different, there is a possibility that the metabolism and the rate 
of excretion of the pressor activity are different from those of the antidiuretic 
activity. The present investigation is a contribution to this problem. 


METHODS 


Male albino rate of approximately 250 g were used. They had been bred and reared in the Depart- 
ment’s animal house and fed on a standard diet containing: protein 14 g, fat 4g, and soluble 
carbohydrate 49 g/100 g. 

The pressor activity was assayed on rate injected with urethane and dibenamine (Dekanski, 
1952). The errors of the method fell within the limits stated previously (Dicker & Nunn, 1957). 

Nephrectomy and evisceration were performed on rats under ethanol anaesthesia, induced by 
the administration of 5 ml./100 g of a 12% (v/v) ethanol solution, and maintained, if necessary, 
by intravenous injections of 1 ml. of a 10% ethanol solution. The ‘evisceration’ consisted in the 
removal of the whole of the gastro-intestinal tract with the pancreas and spleen: in what follows 
the word is used with this special meaning. The liver, however, remained in situ, but its whole 
blood supply, except that from the vena cava, was stopped by ligation of the coeliac and the 
superior mesenteric arteries and their branches, and of the portal vein and its branches. 
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The drug or urine was infused with a motor-driven tuberculin syringe, delivering 0-0083 mi./min. 
At this rate, it takes 60 min to infuse 0-5 ml. 
Drug. A solution of vasopressin (Pitressin, Parke Davis and Co; batch LS 883H) was used 


throughout. 
Statistical treatment. Student’s t test was applied for estimations of the significance of differ- 
ences of means, using the ‘small sample’ method (Mainland, 1938). 


RESULTS 


Dicker & Greenbaum (1956) have shown that in experiments in vitro the anti- 
diuretic activity of vasopressin was partly inactivated by tissue homogenates 
of kidney, liver, spleen and duodenum. To see whether these tissues were 
involved in the destruction or inactivation of the pressor activity of vaso- 
pressin in experiments in vivo, the following operations were performed: 
(a) double nephrectomy, (6) evisceration, (c) double nephrectomy and eviscera- 
tion. The animals were allowed to recover from the operation for at least 1 hr. 
When the blood pressure was constant, random doses of 5, 10 and 20 m-u. 
vasopressin were injected intravenously, and both the pressor effect and its 
duration were compared with those obtained in control and in sham-operated 
animals, In all operated animals the rise of blood pressure was markedly 
smaller than in control rats. The duration of the pressor effect, however, was 
reduced only in animals which had undergone both evisceration and 
nephrectomy. It was practically unaffected in sham-operated and in nephrec- 
tomized animals. The interpretation of these results was difficult, in view of the 
fact that after operation the blood pressure was no longer a reliable index of 
concentration of the hormone in blood. 

Similar operations were carried out to investigate changes in the rate of 
disappearance of pressor activity from the blood. After recovery from 
operative shock, rats were slowly injected (duration: 2 min) with 400 m-u. 
vasopressin. Blood was taken by dividing both jugular and carotid vessels, 
either 5 min after the end of the injection, i.e. at the time of the maximum 
blood pressure rise, or between 18 and 22 min after the end of the injection 
when the blood pressure was back to its pre-injection level. 

Blood was collected in heparinized chilled tubes, centrifuged at 4° C and 
its plasma assayed within 15 min. Similar experiments were carried out on 
sham-operated and control rats. The mean concentrations of pressor activity 
in the plasma of control rats were 11-7 + 1-82 (7) m-u./ml. and 6-0 + 2-2 (6) 
m-u./ml., 5 and 20 min after the end of the injection respectively. The values 
obtained in operated rats could not be distinguished from those in control 
animals (Fig. 1). In all cases, the blood pressure was back to its pre-injection 
level in 20-7 + 0-50 (10) min, in spite of the fact that the pressor activity in 
plasma was still equivalent to 5-0 + 0-41 (17) m-u. vasopressin/ml. 
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Time (min) 
Fig. 1. Disappearance of pressor activity from the blood plasma, in control and operated animals. 
@ —— @, mean of results for control rate; vertical lines, s.z. of the mean: (7s Meee For 
nephrectomized rats; x, eviscerated rats; A, mean for evi ted -nephrect d rats. 


The 8.2. of the means for operated animals not given, as they would have obscured the 8.x. 
of the controls. In brackets, number of animals in each series. 


Urinary excretion of pressor actwity 

Rats under ethanol anaesthesia were injected with doses of vasopressin 
ranging from 40 to 400 m-u. The collection of urine lasted between 1 and 4 hr, 
according to the duration of the antidiuresis. The urine was mixed with one- 
tenth of its volume of a 3% (v/v) acetic acid solution and assayed for its 
pressor activity. There was a regular increase of the excretion of the pressor 
activity from 9-0 + 1-85 (6) m-u. for doses of 40 m-u. vasopressin to 27-7 + 3-50 
(6) m-u. for doses of 120 m-u. vasopressin (Table 1). After the injection of 
400 m-u. vasopressin, however, the excretion of pressor activity was 25-5 + 2-56 
(6) which is not statistically different from that observed after the injection 
of 120 m-u. (¢=0-920, P=0-4). When vasopressin was infused over 1 hr 
instead of being injected there was a regular increase of the pressor activity 
excreted with increasing amounts of the drug (Tables 1 and 2), though the 
proportion of pressor activity excreted remained the same, 21-0 + 1-87 (24) %. 
The pressor response to the infusion of 400 m-u. over | hr (i.e. at a rate of 
6:7 m-u./min) can be described as follows: no change for about 7 min, then a 
slow rise of some 10 mm Hg, which is smaller than the pressor response to a 
single injection of 5 m-u.; this remained more or less unchanged for the next 
40 min but was followed hota the whole amount had been infused by a fall of 
blood pressure which eventually settled down at a level slightly below the 
pre-infusion level. 

The question next investigated was whether the pressor activity was 
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Tas.e 1, Amounts of pressor activity recovered from the urine of rate 


injected intravenously with vasopressin 
Amounts injected: (m-u.) ... 40 80 120 
(m-u.) (mu) (%) (mm) 
Amounts recovered 9-5 23-8 19-4 24-2 35-4 29-5 
10-9 27-3 27-8 34-8 20-5 17-1 
3-5 9-0 13-8 17:3 19-0 15-8 
3-8 10-0 25-0 31:3 21-0 17-5 
10-7 26-8 8-2 10-3 16-5 14-0 
15-2 38-0 19-5 24-4 24-0 20-0 
14-4 18-0 _ 
Mean 9-0 22-5 18-0 22-5 27-7 19-0 
8.E. +1-85 4+4-73 + 2-23 +2-79 +3-50 +2-24 
TasiE 2. Recovery of pressor activity from urine in rats infused with 
large amounts of vasopressin 
Total amounts Amount of pressor activity in urine 
of vasopressin Duration of 
administered infusion (% of amount 
(m-u.) (min) (m-u.) given) 
60 65 26 
250 60 , 55 22 
400 60 100 25 
650 90 165 25 


Mean 
Rats had received 3 ml. water/100 g, followed 1 hr later by 5 ml. of 12 % (v/v) ethanol solution/ 
100 g. Infusion made through the jugular vein. Urine samples collected before the onset of the 
infusion were all devoid of pressor activity. 


Taste 3. Urinary excretion of pressor activity of rate infused with vasopressin 


Amount of Amount of 
Amount of 
vity pressor 
ae vaso i of rat infused Descrip- of rat 
r A ~ ‘rat B tion r A 
rat A (m-u.) (m-u.) (% (m-u.) ofratB  (m-u.) (%) 
Normal* 400 110 24 
(11) 1000 50 5 — 
Normal (6) 400 80 20 36 Normal 210 59 
Evisverated (8) 1000 50 5 200** Eviscerated 9-2 4-6 
Eviscerated (4) 1000 45 4-5 180** Normal 38-3 21-2 


All animals were under ethanol anaesthesia. The results are given as means; number of experi- 
ments in parenthesis (for details see text). Experiments * represent the mean values as detailed 
in Table 2. Amounts marked ** were obtained by pooling urine from four rats A. 


excreted in its original or in a modified form. Rats under ethanol anaesthesia _ 


were infused with 400 m-u. vasopressin. Their urine was assayed, and injected 
into other rats. The urine of the latter was likewise assayed. The mean pressor 
activity in the urine of the first rat was equivalent to 20% of the amount of 
vasopressin administered (Table 3). The pressor activity of the urine of the 
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second rats, however, varied widely. In the six experiments it was 100, 71, 
66, 50, 40 and 25°, respectively, with a mean of 59-0 + 10-6 (6)°%. Thus in five 
out of the six experiments the pressor activity of the urine injected into 
another animal was excreted at twice the rate of that of vasopressin. This 
suggested that the pressor activity in the urine might have been a modified 
form of the drug. 

To ascertain whether this modification could take place in the liver, evis- 
cerated rats, under ethanol anaesthesia, were infused with doses of vasopressin 
varying from 120 to 1000 m-u. With the larger doses (up to 1000 m-u.) there 
was a recovery equivalent to 4-5 + 0-55 (11) % of the amount infused (Table 3). 
This was very different from the recovery of 21-0 + 1-87% observed in control 
rats. With small amounts of vasopressin, however, no pressor activity could be 
detected in the urine. This was attributed to the fact that the amounts excreted 
were too small. | 

The possibility was next examined that the pressor activity found in the 
urine of eviscerated rats was vasopressin. Four eviscerated rats were infused 
with 1000 m-u. vasopressin each. The pressor activity of their pooled urines 
was equivalent to that of 197 m-u. vasopressin; i.e. 4-9°%, of the total amount 
administered. This now was infused into another eviscerated rat. The urine of 
the latter contained the equivalent of 9-0 m-u. vasopressin; i.e. 4-6°% of the 
amount administered. In four similar experiments the mean pressor activity 
of the urine of the second ‘recipient’ eviscerated rats was 4-7 + 0-82% of the 
urinary pressor activity infused (Table 3). As the injection of urine does not 
affect the excretion of vasopressin simultaneously administered (Dicker & 
Nunn, 1957), these results suggested that the ‘recipient’ eviscerated rat dealt 
with the pressor activity of the urine from the eviscerated ‘donor’ in the same 
way as the latter had done with infused vasopressin. This was also suggested 
by the following experiment: four eviscerated rats were each infused with 
1000 m-u. vasopressin. Their pooled urines contained a pressor activity 


equivalent to 180 m-u. This was now infused into a control rat. The amount of 


pressor activity excreted by the latter was found to be equivalent to 38-3 m-u. ; 
i.e. to 21-2% of the pressor activity administered, which is of the same order 
as that observed in control rats infused with vasopressin (Table 3). 


DISCUSSION 


It would appear from these results that the pressor activity found in the urine 
of eviscerated rats infused with vasopressin was due to the unmodified drug. As 
only about 5% of the administered vasopressin appears to be excreted, it 
follows that the remaining 95° must have been destroyed, inactivated or 
adsorbed somewhere in the body. Assuming that vasopressin is almost 
entirely inactivated by the kidneys, how does it fit in with the findings that 
control rats excrete a much greater proportion of the infused pressor activity 
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of vasopressin than eviscerated animals? There would seem to be one possible 
interpretation only, namely that in control rats some of the administered 
vasopressin has been transformed into a product which is excreted, but not 
inactivated, by the kidneys. Such a transformation could take place in the 
liver, the intestine, the pancreas or the spleen, or in all of them. If this is so, 
the pressor activity found in the urine of control rats injected with 100 m-u. 
vasopressin would consist of two fractions: one of 5 m-u. vasopressin and one 
with a pressor activity equivalent to 15 m-u. It can be calculated that should 
such a urine be injected into another control rat, it will excrete a urine con- 
taining about 75% of the administered pressor activity. The experimental 
value of the excretion of pressor activity by the second rat was 59 + 10-6 % of 
the injected activity, a figure which is not very different from the calculated 
value. 

If, however, the kidneys inactivate almost all the injected vasopressin, how 
is it possible that the rate of disappearance of vasopressin from the blood is 
the same in control, in eviscerated and in nephrectomized rats, during the 
20 min period of observation following the administration of the drug? Five 
minutes after the injection of 400 m-u. vasopressin, the mean plasma con- 
centration of pressor activity is 11-7 + 1-82 m-u./ml. If none of the injected 
drug has been destroyed, as in rats of which both the kidneys and the alimentary 
viscera have been removed, this concentration would correspond to a 34-fold 
dilution of the drug. The total extracellular fluid phase of a rat of 250 g is how- 
ever of the order of 65 ml. If the 400 m-u. vasopressin had been equally 
distributed throughout the extracellular fluid phase, its concentration in the 
plasma would be of the order of 6-0 m-u./ml., which is the value observed 20 min 
after the injection. It would then seem that in a rat without kidneys and 
alimentary viscera, it will take 20 min for vasopressin to be equally distributed 
in the body; hence the rate of disappearance of vasopressin from the blood, 
during the period, would represent the rate of distribution of the drug in the 
extracellular space. The length of time is not unreasonable when it is remembered 
that it takes about 1 hr for a single injection of inulin to be equally distributed 
between plasma and extracellular fluid (Schachter, Freinkel & Schwartz, 1950). 
The molecular weight of inulin is 5000, whereas that of vasopressin is only 
1070. If this hypothesis is correct the rate of inactivation by the kidneys in 
control rats must be slow. This can also be concluded from the following 
experiments which belong to another line of research. Eviscerated rats infused 
with 1000 m-u. vasopressin were killed either immediately after the end of an 
infusion or 2 hr later. At the end of the infusion the pressor activity in the 
plasma was equal to 7-0 m-u./ml.; 2 hr later it was still 1-2 m-u./ml. The rate of 
disappearance of the pressor activity from the blood would appear to be only 
of the order of 2-7 m-u./min. Furthermore, if at the end of the infusion plasma 
and urine were collected and muscles and liver removed and homogenized, 
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it could be shown that (a) there was no pressor activity in the urine, 
(b) the liver contained traces of pressor activity only, (ec) the 100g of wet 
muscle, representing 40% of the body weight, had a pressor activity equivalent 
to some 570 m-u., of which 114 m-u. were estimated to be in the extracellular 
fluid phase. The pressor activity in the plasma was equivalent to 7-0 m-u./ml., 
hence the total extracellular fluid, calculated as 25 % of the body weight, 
contained 430 m-u. vasopressin. The total recovery of pressor activity was 
900 m-u., of which some 570 m-u. must have been adsorbed by the muscles. 

It would then appear that after being injected or infused, vasopressin will 
be distributed slowly throughout the extracellular fluid phase of the body and 
plasma. The processes of equilibration may be complicated by the fact that a 
substantial portion of the drug may be adsorbed on tissues (Dicker & Green- 
baum, 1956). The kidneys inactivate 95 % of the vasopressin that reaches them, 
and may excrete 5% of it. It is reasonable to assume that the vasopressin 
adsorbed on muscles will be released in time, as there is no evidence of inactiva- 
tion of vasopressin by muscle homogenates (Dicker & Greenbaum, 1956). As 
for the vasopressin that reaches the liver, it would seem that it is transformed 
into a product which is ultimately excreted but not inactivated by the kidneys. 
The pressor activity of the urine will therefore represent a mixture of true and 
of modified vasopressin. | 


SUMMARY 


1. Intravenous injections of graded doses of vasopressin up to 20 m-u. into 
anaesthetized rats result in graded rise of blood pressure of graded duration. 
The rise of blood pressure following injections of standard amounts of vaso- 
pressin is smaller in nephrectomized, in ‘eviscerated’ and in sham-operated 
animals, The duration of the effect, however, is decreased in eviscerated rats 
only, 

2. The rate of disappearance of the pressor activity of vasopressin from the 
blood from the 5th to the 20th min after administration is the same in nephrec- 
tomized, in eviscerated, in nephrectomized-eviscerated animals, and in control 
rats. It is due to the passage of vasopressin into the extracellular fluid 

hase. 
' 3. Control rats under ethanol anaesthesia excrete in their urine 21-0 + 1:87% 
of the pressor activity administered: after evisceration, however, the 
urinary excretion contains only 45+0-55% of the pressor activity 

4. When the urine of eviscerated rats, with its content of 5% of the pressor 
activity of the administered drug, is injected into control rats, 20% of it is 
excreted, but when the urine of control rats, with its content of 21% of the 
pressor activity of the administered drug is injected into another control, 
60% of it is excreted. 
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5. The kidneys appear to inactivate almost all the vasopressin that reaches ; 


them, whereas the liver transforms some portion of the drug into a more stable 
substance which is excreted by the kidneys. Thus the pressor activity found in 


the urine of control rats, injected with vasopressin, represents a mixture of two _ 


substances: a true and modified vasopressin. 
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Our interest recently became focused on the mass of non-medullated afferent 
fibres in the ninth and tenth cranial nerves by the finding that these small 
nerve fibres were responsible for much of the depressor effect seen on electrical 
stimulation of the nerve trunks (Douglas, Ritchie & Schaumann, 1956; 
Douglas & Ritchie, 19565). Little or nothing is known of the receptor function 
of these non-medullated afferent fibres and it is clear that this is because it is 
difficult to identify and measure spontaneous activity in non-medullated fibres 
generally. If this difficulty could be overcome a great deal of information on 
the functions of non-medullated sensory nerve fibres might be obtained. This 
_ was the object of the present experiments. 

The spontaneous nervous activity which occurs in a whole nerve trunk is 
usually characterized by the asynchronous nature of the discharges in its 
component fibres. The potentials recorded from the whole nerve trunk during 
such activity are thus relatively small in amplitude and cannot easily be 
attributed to any particular fibre groups. On the other hand, the compound 
action potential which can be evoked in such a nerve trunk by an electrical 
shock is large because it results from the synchronous firing of many individual 
fibres, and it is easy to define the fibres associated with any given component 
of the evoked compound action potential in terms of the conduction velocity, 
threshold, refractoriness, and, by inference, the corresponding fibre diameters. 
The principle used in the present experiments is to study the modulation of an 
evoked compound action potential in a nerve trunk by the naturally induced 
sensory or motor discharge in its constituent fibres. Thus, for example, a 
sensory nerve trunk is stimulated electrically and the antidromic compound 


action potential so set up is recorded near the sensory ending. When ane 
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sensory discharge is already present in the nerve trunk, antidromic impulses 
set up by the electric shock are extinguished in some of the fibres by ortho- 
dromic impulses set up at the sensory endings. This means that particular 
components of the recorded antidromic compound action potential are reduced 
in size, the more natural activity being present the greater the reduction. When 
there is no natural discharge of impulses in the nerve, the size of the recorded 
evoked antidromic potential is maximal. This technique, or variations of it, has 
allowed us to measure natural activity in sensory and motor, medullated and 
non-medullated, fibres. 
METHODS 
Adult rabbits of various breeds were anaesthetized with urethane (1-6 g/kg) given in a 25% (w/v) 
solution through an ear vein. Usually both cervical vagi and both cervical sympathetic trunks 
were cut just below the nodose ganglion and superior cervical ganglion respectively; and these 
nerves, as well as the two aortic nerves, were freed for a distance of about 40-60 mm and prepared 
for electrical stimulation and recording. Both carotid arteries were usually ligated and cannulated 
with polythene tubing. One artery was used for recording the systemic blood pressure using an 
electronic pressure transducer and direct writing galvanometer. The other artery was used for 
temporarily withdrawing up to 50 ml. of blood in order to lower the systemic blood pressure 
quickly. A femoral vein was cannulated and used for drug injections and sufficient heparin was 
given intravenously to prevent blood clotting. The whole dissected region in the neck was flooded 
with liquid paraffin held in a pool by a suitable arrangement of skin flaps. A pair of platinum 
electrodes was used for electrical stimulation of one or other of the nerves and a similar pair for 
recording both the evoked and naturally induced impulses. The electronic stimulator used had an 
RF output unit (Schmitt, 1948), which minimized stimulus escape and shock artifact and delivered 
rectangular pulses of current, usually of 0-1 or 0-5 msec duration: in these experiments the stimuli 
used were supramaximal for whichever of the components, A, B or C, of the compound action 
potential was being studied. A resistance-capacity coupled amplifier with a time constant of about 
1 sec was used for recording the potentials which were displayed on a cathode-ray oscilloscope 
and photographed. 
RESULTS 
Medullated fibres of the aortic nerve 

The technique was first tested on the medullated fibres of the rabbit’s aortic 
nerve, for these fibres, being barosensory, normally show activity which 
fluctuates widely during the phases of the cardiac cycle; moreover, this activity 
is readily altered experimentally by raising or lowering the systemic blood 
pressure. The arrangement of the electrodes in a typical experiment is shown 
diagrammatically in Fig. 1: the aortic nerve was freed from all surrounding 
tissue in the neck for a distance of about 50 mm, the nerve being cut at the 
headward end of the freed portion; a pair of stimulating electrodes, S, was 
placed close to the peripheral cut end of the nerve, which was near the point 
where it joined the superior laryngeal nerve, and another pair of recording 
electrodes, R, about 50 mm lower in the neck; a fifth electrode E was used as 
the only earth connexion to the preparation, the animal being placed on a thick 
insulating sheet of Perspex. Fig. 2 consists of four successive traces of the 
electrical activity in a rabbit’s aortic nerve taken at one second intervals. 
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Kach trace shows both the orthodromic spontaneous activity which appears 
as an irregular fluctuation of the base line, and the antidromic action potential 
evoked by maximal stimulation of the medullated fibres, which appears ina 
constant position in the traces about 1-5 msec after a stimulus artifact. Traces 
a,c and d were obtained during the systolic phase: they show much spon- 
taneous activity and a rather small evoked action potential. Trace 6 was 
obtained during the diastolic phase: it shows little spontaneous activity and 
a large evoked action potential. 
E 
Sup. laryngeal nerve 4 ( 
Aortic 


S R 


nerve 


Nodose ganglion 


50 mm 


Fig. 1. A diagram showing the usual position of the stimulating (S) and recording (R) electrodes | 


on the aortic nerve. In a few experiments the positions of S and R were reversed. 


The relationship between the size of the evoked action potential in the aortic 
nerve and the spontaneous activity in the nerve is further illustrated by Fig. 3. 
Fig. 3a shows the familiar discharge of barosensory impulses which occurs in 
the aortic nerve at normal blood pressures and which varies with the pressure 
changes of the cardiac cycle. The nerve was then stimulated at its peripheral 
cut end to excite all the medullated fibres at a steady rate of 40 shocks/sec, and 
Fig. 3b shows the evoked antidromic action potentials which were superposed 
upon the spontaneous activity. It can be seen that there was a regular 
variation in the size of the evoked potential: the potential was biggest during 
the diastolic periods, when the natural activity was least, and smallest during 
the systolic periods, when natural activity shown by the thickening of the base 
line was greatest. Records c-f of Fig. 3 illustrate, further, how the size of the 
recorded evoked action potential varied with the amount of spontaneous 
activity in the aortic nerve. Records c and d were taken after the blood 
pressure had been raised by an intravenous injection of adrenaline. At this 
high blood pressure the rhythmic spontaneous activity in the nerve was 
replaced by a fairly steady discharge (Fig. 3c), and under these conditions the 
size of the antidromic compound action potential was very much reduced 
(Fig. 3d). After the effect of adrenaline had passed, the animal was bled so as to 
lower the blood pressure and thus to reduce greatly the barosensory discharge 
in the aortic nerve (Fig. 3e): under these conditions large antidromic action 
potentials of more or less constant amplitude were recorded. 

In records such as those of Fig. 2, where the traces are single sweeps of the 
time base, it was difficult to determine by how much the evoked action 
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Fig. 2 Fig. 3 


Fig. 2. Successive records of spontaneous and evoked action potentials in a rabbit's aortic nerve. 


The four sweeps were taken at 1 sec intervals. When the stimulus, which was maximal for 
A fibres, occurred during a period of little spontaneous activity, i.e. during diastole, it evoked 
a large potential (sweep 6). When it occurred during s period of more spontaneous activity, 
i.e. during systole, the response was smaller (sweeps a, c and d). The stimulus artifact is 
indicated by the break in each trace, The horizontal bar shows 10 msec. The distance between 
the stimulating and recording electrodes was 45 mm ; the temperature of the paraffin pool was 
33° C; the mean blood pressure was 75 mm Hg. 


Fig. 3. Records of spontaneous and evoked action potentials in a rabbit’s aortic nerve. In the 


vertical series a, c and ¢, the nerve was unstimulated and only the spontaneous activity is 
seen; in the vertical series 6, d and f, the nerve was stimulated to excite all the medullated 
fibres 40 times/sec and both spontaneous and evoked potentials are shown. In a and b the 
blood pressure was 80 mm Hg; in c and d taken after injection of 50 zg adrenaline, the blood 
pressure was 150 mm Hg; in e and /, taken after bleeding, it was 50 mm Hg. The distance 
between the stimulating and recording electrodes was 30 mm; the horizontal bar represents 
1 sec; the temperature of the paraffin pool was 32° C. 
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potential varied because of the irregular fluctuation of the base line. A better 
index of the effects was obtained by superposing many successive sweeps. 
Two sets of results obtained by superposing eight traces are shown in Fig. 4. 
In Fig. 4¢ and 6 the blood pressure was about 90 mm Hg and there was 
a rhythmic barosensory discharge of the type shown in Fig. 3a. This was 
reflected in the varying size of the evoked action potential. In Fig. 4c 
and d@ the blood pressure was reduced to about 35 mm Hg by bleeding: 
a maximal evoked response was obtained. In Fig. 4e and f the blood 
pressure was increased by an intravenous injection of adrenaline to about 
170mm Hg: the size of the evoked action potential was much reduced— 


particularly in Fig. 4e. 


Fig. 4. Records of spontaneous and evoked action potentials in s rabbit's aortic nerve. The vertical 
series a, c and ¢ was obtained with the stimulating cathode 42 mm from the nearer recording 
electrode and the vertical series 6, d and f consequently when the point of stimulation was 
19 mm from the nearer recording electrode; the gain of the amplifier for the two vertical series 
is different. In a and b, the blood pressure was sbout 90 mm Hg; the animal was then bled and 
the blood pressure fell to about 35 mm Hg when records ¢ and d were taken; after reinfusion 
of the blood, 50 ug of adrenaline was injected and the blood pressure rose to about 170 mm 
Hg and records ¢ and f were obtained. The horizontal bar represents 5 msec; the temperature 
of the pool was 34° C. 
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The series a, c and e and the series b, d and f were taken from the same nerve © 


under slightly different experimental conditions designed to determine the © 
influence of the distance between the stimulating and recording electrodes — 
upon the measured effect. The size of the effect should be greater the greater — 
the interelectrode distance, for at the longer distances an antidromic impulse — 
is the longer exposed to the risk of being extinguished by an orthodromic | 
impulse. This was confirmed experimentally by the difference between the two _ 
vertical series of Fig. 4, where the experimental conditions were identical — 
except that the first series was obtained with an interelectrode distance of | 


42 mm and the second series with an interelectrode distance of 19 mm; the 


Distance between stimulating and recording: electrodes (mm) 

Fig. 5. The relationship between the percentage reduction of the evoked aortic A potential by a 
given degree of spontaneous activity and the distance from the stimulating cathode to the 
nearer recording electrode. ‘Same experiment as Fig. 4. The broken line, which is a straight 
line giving a good fit by eye to the experimental points, has been extrapolated to the point 
where the evoked potential would be expected to be extinguished. 


gain was adjusted between the two series so that the evoked action potentials 
at the low blood pressure were about equal in size, to make comparison of the 


size of the effect at the two distances easier. Changing the blood pressure from ; 
35 to 170 mm Hg, reduced the evoked antidromic action potential by morethan — 


70% with the longer interelectrode distance and by about 40% with the 
shorter interelectrode distance. In this same experiment similar blood-pressure 
changes were induced at three other interelectrode distances and the effect on 
the evoked action potential noted. The results of these five tests are shown in 


Fig. 5, where it can be seen that the greater the conduction distance, the _ 
greater the effect. In these five tests, where the pressor responses were — 
produced by successive doses of 50 yg of adrenaline, it was most likely that the — 
same barosensory discharge was obtained in each case, for the successive — 
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blood-pressure changes were practically identical and, furthermore, measure- 
ments with an interelectrode distance of about 30 mm gave almost the same 
result at the end of the run of the five tests as it had done at the beginning. 


Non-medullated and medullated fibres of the cervical sympathetic trunk 


The experiments on the aortic nerve had demonstrated the value of the 
technique for medullated fibres, but our primary object was to study discharges 
in non-medullated fibres. The technique was, therefore, applied to the non- 
medullated motor fibres of the rabbit’s cervical sympathetic trunk which could 
be made to discharge experimentally by asphyxiating the animal. Stimulating 
electrodes were placed on the cervical sympathetic trunk at the cut end just 


Fig. 6. Records of spontaneous and evoked section potentials in a rabbit’s cervical sympathetic 
trunk. Each trace was obtained by superposing eight sweeps and shows the two components 
of the compound action potential obtained from this nerve; a fast conducted component 
derived from the medullated, B, fibres and a slow component derived from the non-medul- 
lated, C, fibres. Record a was obtained when the animal was breathing normally; the blood 
pressure was 95 mm Hg. Record b was obtained 90 sec after the trachea had been clamped ; 
the blood pressure was 120 mm Hg. The stimulating electrodes were at the cut end of the 
nerve just below the superior cervical ganglion, and the recording electrodes 34 mm caudal. 
The time marker indicates 10 msec; the temperature of the pool was 33° C. 


below the superior cervical ganglion, and the compound action potential 
evoked by a strong electrical shock was recorded about 20-50 mm lower in the 
neck. The results of a typical experiment are shown in Fig. 6 where each trace 
was obtained by superposing eight sweeps taken at half-second intervals. The 
action potential was composed of a quickly conducted spike derived from the 
medullated preganglionic fibres and a more slowly conducted spike derived 
from the non-medullated fibres (Fig. 6a). When the animal was asphyxiated 
by closing the tracheal cannula, there was a rise in blood pressure, and the 
spontaneous discharge in the trunk, initially small, increased : this is illustrated 
by the thickening of the base line in Fig. 6b, which is a record taken 90 sec 


after closing the tracheal tube. At this time both the C and B components of 
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the evoked antidromic compound action potential were very much reduced. 


The reduction of the C potential was about 50 %; that of the B potential about — 


30 %,. These events were rapidly reversed on reopening the tracheal cannula. 


Medullated fibres of the saphenous nerve 
In certain preparations where there are distinct components to the com- 
pound action potential derived from the medullated fibre population the 
technique allows the spontaneous activity in the whole nerve trunk to be 
attributed to one or more of these subgroups. This was illustrated by experi- 
ments on the rabbit’s saphenous nerve. A sufficiently long length of this nerve 
can be obtained so that the A potential evoked by a shock to the peripheral 


cut end high in the thigh splits*up and is recorded at the level of the knee as — 


two well-separated components, the slower of which is the 5 potential. In such 
experiments, stroking the lower leg caused a rapid discharge of sensory 
impulses which could be seen on the cathode-ray oscilloscope and heard in the 
loudspeaker; this discharge was reflected in a large fall in the evoked anti- 
dromic A potential, particularly of the $ component. These findings demon- 
strate simply the fact that both the quickly conducting fibres and the slowly 
conducting, 3, fibres are involved in signalling touch from the skin (Zotterman, 
1939). 
An alternative init based on refractoriness 


An alternative technique could be used to detect spontaneous nervous 
activity. Here the evoked action potentials were recorded monophasically by 
interchanging the previously used positions of the stimulating and recording 
electrodes shown in Fig. 1. The method relies on the fact that soon after the 
passage of an impulse a nerve fibre is refractory to an applied electrical shock. 
Thus, when many fibres of a nerve trunk are discharging it is more difficult to 


elicit a maximal action potential than when there is little spontaneous dis- _ | 


charge. A typical result on the medullated fibres of the rabbit’s aortic nerve 
is shown in Fig. 7. Fig. 7a shows the compound action potential set up by a 
maximal stimulus to the medullated fibres and was obtained by superposing 
- eight successive traces taken when the blood pressure was 35 mm Hg. Fig. 7) 
shows the change brought about in this potential when the blood pressure was 
raised to 155 mm Hg by an intravenous injection of adrenaline. There was an 
increase in the spontaneous activity and a concomitant reduction in the size 
of the evoked antidromic action potential. The effects observed, however, were 
smaller than with the previously described technique. The advantage of using 
monophasi* potentials is that it is easier to identify the various components of 
the compound action potential. 
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Fig. 7. Monophasic records of the spontaneous and evoked potentials in a rabbit's aortic nerve 
obtained by reversing the electrode position illustrated in Fig. 1. Each record was made by 
superposing 8 sweeps, and during each sweep the nerve was stimulated at an intensity 
maximal for the medullated fibres. Record a is the response obtained at a low blood pressure, 
35 mm Hg, produced by bleeding, and record 5 the response at a high blood pressure, 
155 mm Hg, produced by an injection of 50 zg of adrenaline. The horizontal bar represents 
5 msec; the distance between the atimelating cathode and the nearer recording electrode was 
45 mm; the temperature of the pool was 34° C. 


DISCUSSION 

From these experiments it is clear that spontaneous activity in various groups 
of medullated and non-medullated fibres is reflected in a reduction in the size 

of the corresponding components of an evoked compound action potential. 
The question arises as to how the measured effect of spontaneous activity 
on the evoked action potential is related to the degree of spontaneous activity 
in the nerve, in other words how the size of the evoked action potential is 
_ determined by the number of fibres spontaneously active and their frequency 
of firing. The relationship can best be seen in terms of a model nerve consisting 
of a uniform population of m fibres, conducting at v m/sec, which is made 
suddenly to discharge at a frequency of f impulses/sec. For argument’s sake 
it is assumed that the impulses in any given fibre are randomly related in time 
to the impulses in all the other fibres. This seems to be a reasonable assumption, 
for spontaneous activity in a nerve trunk is recorded as an asynchronous 
discharge of low amplitude: the potentials in the individual fibres seem to be 
so randomly timed that their algebraic sum is almost zero. A maximal 
electrical shock applied at the stimulating electrodes thus evokes, in the n 
fibres, n individual nerve impulses which would take d/v sec to travel anti- 
dromically to a recording electrode d metres away. The fundamental principle 
of the method is that any orthodromic impulse which will arrive at, or which 
has already passed, within d/v sec will extinguish an antidromic impulse. 
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Assuming the impulses in individual fibres to be randomly related to the - 
impulses in the other fibres, the number of such orthodromic impulses is 2dfn/v. 
This will be the number of antidromic impulses extinguished so long as 2dfn/v_ 
is less than 1. (If 2dfn/v=1, then orthodromic impulses are being generated — 
so rapidly that all the antidromic impulses are being extinguished.) If the size — 
of the evoked action potential in any given nerve trunk is taken to be the sum © 
of the potentials in the constituent fibres, this means that the antidromic | 
action potential will be reduced by 2df/v x 100%, i.e. the decrease in the - 
evoked response as a result of the spontaneous activity should be directly © 
proportional both to the degree of activity, as measured by the frequency of © 
discharge in the individual fibres, and to the conduction distance. This predic- — 
tion of a linear relationship between the conduction distance and the effect is _ 


borne out experimentally, for it is clear that the points in Fig. 5 are well fitted 


by the interrupted line which is a straight line drawn through the origin. This | 
finding may have resulted from the bulk of the fibres in this nerve conducting — 


within a relatively narrow range of velocities and so behaving like the model 


nerve. Or perhaps there is some relationship between the natural frequencies 


of firing of nerve fibres and their conduction velocity ; for it can be predicted 


theoretically that if a given physiological stimulus produces in the various | 
fibres of a sensory nerve a large range of frequencies of firing which are directly | 


proportional to their individual conduction velocities, the same linear relation- 


ship between the measured effect and conduction distance would hold. This | 


may more nearly be the true situation in a nerve trunk. 
From these calculations the frequency of firing of nerve fibres to a given 


stimulus may be assessed. In the experiment of Figs. 4 and 5, the main peak © 
of the compound action potential was found to conduct at 17-4 m/sec at 34°C. — 
By the extrapolation of the line in Fig. 5, the evoked potential would have © 
been completely extinguished when the conduction distance was 56 mm. This — 
corresponds to a frequency of firing of 160 impulses/sec. The main factor which | 
might vitiate this calculation is the possibility that some fibres are not acti- | 
vated by the pressure stimulus because they are not barosensory: this would © 
result in the calculated frequency of firing being lower than the actual — 


frequency. 


A similar calculation was made for the non-medullated motor fibres of the — 


cervical sympathetic trunk to find their frequency of firing during the terminal — 


stages of asphyxia. Thus, in the experiment shown in Fig. 6 there was a 
reduction of about 50% in the size of the C potential. The conduction velocity 
of these cervical sympathetic non-medullated fibres was found to be very close 


to 1 m/sec at the temperature of the experiment. Using the above described | 


relationship between the size of the evoked action potential and the conduction 


velocity, conduction distance and the frequency of firing, it was calculated that — 
the non-medullated fibres of the cervical sympathetic trunk in this experiment — 
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were firing at about 8 impulses/sec at the height of the discharge caused by 
asphyxia. Although these non-medullated sympathetic fibres from which 
recordings were made are both preganglionic and post-ganglionic (see Douglas 
& Ritchie 19564), it is interesting that Folkow (1952) using another indirect 
method based on an entirely different set of assumptions, arrived at a similar 
value of about 10 impulses/sec for the maximal discharge rate of sympathetic 
post-ganglionic vasoconstrictor fibres. 

In this experiment a similar calculation was made for the medullated, B, 
fibres using the finding, in other experiments, that the bulk of such fibres 
conducted at a velocity of 5-10 m/sec. On this basis the calculated frequency 
of firing was 20-40 impulses/sec during the same period of asphyxia. 

The most important aspect of the present technique is that it is suitable for 
detecting and measuring spontaneous activity in non-medullated nerve fibres 
—which is so difficult to do otherwise. The technique has already proved useful 
not only for efferent C fibres but also for afferent C fibres; thus, in experiments 
on the vagus and aortic nerves it has shown that non-medullated afferent 
fibres are excited by certain drugs (Douglas & Ritchie, 1957). 

The technique, however, is not restricted to non-medullated fibres. It is also 
applicable to medullated fibres and under suitable conditions it can be used 
to measure spontaneous activity within subgroups of the medullated fibre 
population. Methods for relating function to particular types of medullated 
fibres, using the single fibre technique, already exist (see Paintal, 1953; Hunt, 
1954), and it may be that activity in medullated fibres is usually better studied 
by this more difficult technique. However, as Hunt (1954) has pointed out 
single fibre techniques may select fibres preferentially according to their 
diameter and limit the sample studied to fibres above a certain size. Even with 
refined techniques designed to overcome this, the very small medullated fibres 
tend to be missed; thus, the population of muscle afferent fibres carefully 
reconstructed with such a technique lacks most of the group of fibres below 
4 in diameter, which can be shown by histological techniques to be present 
in the nerve (see Figs. 1 and 2 in Hunt 1954). Thus, in certain circumstances 
the present technique, because of its comparative simplicity, may prove of use 
even for the study of medullated nerve fibres. 


SUMMARY 


1. A new technique has been developed whereby it is possible to identify 
and measure the spontaneous activity associated with the medullated, A and B, 
fibres and the non-medullated, C, fibres in sensory and motor nerve trunks. 

2. The technique relies on the fact that it is more difficult for evoked 
impulses to travel antidromically in a nerve trunk which is spontaneously 
active because such antidromic impulses are liable to be extinguished by 
orthodromic impulses coming from the motor neurone or sensory terminals. 
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3. In a nerve trunk containing several distinct functional subgroups of 
fibres it is possible with this technique to determine with which of these sub- 


groups any spontaneous activity is associated. 


4. The technique may also be used to assess the natural frequency of firing 


of a particular group of fibres. Thus, a large group of medullated barosensory 
afferents fired at about 160 impulses/sec at the height of an adrenaline-induced 


pressor response, while the non-medullated fibres of the cervical sympathetic | 


trunk fired at about 8 impulses/sec in the terminal stages of asphyxia. 


The latter part of this work was carried out with the aid of a grant from the National 


Institute of Neurological Diseases and Blindness, N.I.H., United States Public Health Service 
(B 1093). 
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ON EXCITATION OF NON-MEDULLATED AFFERENT FIBRES 
IN THE VAGUS AND AORTIC NERVES 
BY PHARMACOLOGICAL AGENTS 


By W. W. DOUGLAS anp J. M. RITCHIE 
From the Department of Pharmacology, Albert Einstein College of Medicine, 
Yeshiva University, New York 61, N.Y., and the National Institute 
for Medical Research, Mill Hill, London, N.W.7 


(Received 27 February 1957) 


Evidence is fast accumulating that the tenth cranial nerves contain many 
afferent fibres from the heart, lungs and abdominal viscera, whose function has 
yet to be understood (for reviews see Dawes & Comroe, 1954; Aviado & 
Schmidt, 1955). This is largely a result of two experimental approaches, one 
involving analysis of the powerful reflex effects of drugs—for example, the 
Bezold-Jarisch phenomenon seen with the veratrum alkaloids—and the other 
involving the electrophysiological technique of recording impulses in vagal 
afferent fibres during physiological events and pharmacological stimulation. 
This latter approach has been most actively pursued by Paintal (1953, 1954 a,6, 
1956). Because of the single fibre technique involved, however, the work has 
been limited to the study of the medullated nerve fibres although the vagi 
contain numerous non-medullated afferent fibres. Thus, the histological tech- 
niques employed by Daly & Evans (1953) and Evans & Murray (1954) have 
shown an abundance of non-medullated afferent fibres in the vagi of cats and 
rabbits, and recently Douglas, Ritchie & Schaumann (1956) and Douglas & 
Ritchie (1956) have found that electrical stimulation of such non-medullated 
fibres causes strong reflex cardiovascular effects. As an approach to the 
problem of locating, and determining the function of, these non-medullated 
vagal afferent fibres we have examined how they respond to the injection into 
the circulation of substances which are already known to evoke vagal reflexes. 
The technique for recording the activity in non-medullated nerve fibres which 
made the present study possible is described in full in the preceding paper in 
this Journal (Douglas & Ritchie, 1957). 
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METHODS 
Rabbits of the Dutch, New Zealand White, or Chinchilla varieties were anaesthetized with 


urethane (about 1-6 g/kg) given into an ear vein as a 25% (w/v) solution, and the trachea was 


cannulated. Polythene catheters were tied into the common carotid artery or the femoral artery 


for recording blood pressure. The animal was given enough heparin to prevent clotting and the — 


blood pressure was recorded by means of an electronic transducer and direct-writing galvanometer. 
Drugs were injected through polythene catheters inserted into the right external jugular vein and 
into the right femoral artery and manipulated in such a way that their tips lay close to the right 
auricle and in the descending thoracic aorta respectively. The vagi, aortic nerves and cervical 
sympathetic trunks were cut high in the neck; the vagi were cut just below the nodose ganglion, 
the aortic nerves as they joined the superior laryngeal nerves and the cervical sympathetic trunks 
just below the superior cervical ganglion. They were freed from each other and the surrounding 
tissue and dissected caudally as far as possible in the neck—usually for a distance of about 50 mm. 
The whole dissected region was then immersed in liquid paraffin held in a bath formed by a suitable 
arrangement of the skin flaps. One of the three nerves was placed on two pairs of platinum 
electrodes. When the spontaneous activity was being measured, the stimulating pair was placed 
high in the neck at the cut end of the nerve and the recording pair some distance lower on the 
nerve trunk. Rectangular pulses of current of 0-5 msec duration, provided by an electronic 
stimulator and applied through an RF isolation unit (Schmitt, 1948), were used for stimulation. 
The compound action potential set up by the stimulus, which was supramaximal for the C fibres, 
and the spontaneous activity in the nerve were led off by the recording pair of electrodes, amplified 
by a resistance-capacity coupled amplifier of long time constant (more than 1 sec), displayed on 
a cathode-ray oscilloscope and photographed. As we were mainly interested in the comparatively 
slow response of the non-medullated fibres the high frequency response of the amplifier was usually 
limited by means of shunts, so as to decrease rapid fluctuations of the base line: this procedure 
also reduced the evoked, rapid, A potential but had no appreciable effect on the C potential. 
Usually only one nerve was studied at a time, but sometimes two nerves were simultaneously 
studied using an extra pair of recording electrodes and two channels of amplification and an 
oscilloscope with two beams. The following drugs were used : 5-hydroxytryptamine as the creatinine 
sulphate, phenyl! diguanide as the hydrochloride, veratrine sulphate, and adrenaline hydrochloride. 
They were used freshly diluted in Locke’s solution. The drugs were injected through the arterial 


or venous cannulae by rigidly clamped syringes which were isolated from earth to prevent any _ 


artifact during the injection. 
RESULTS 


The fibres studied belong to the group of slowest-conducting fibres in the vagus, 
aortic and sympathetic nerves. These fibres are non-medullated and give rise 
to the C elevation of the compound action potential obtained from each of 
these nerves. As can be seen from Fig. 1, which is a record of the monophasic 
action potential of a rabbit’s cervical vagus nerve, the C elevation is the largest 
component of the compound action potential. This is to be expected, for the 
non-medullated fibres in this nerve far outnumber the medullated fibres 
(Evans & Murray, 1954). The corresponding C potential in the aortic nerve was 
much smaller. 

In all the experiments to be described the action potentials were not 
recorded monophasically as in Fig. 1, but diphasically through a pair of 
electrodes placed as low in the neck as possible, i.e. about 40-60 mm caudal to 
the stimulating pair which were just below the nodose ganglion. The arrange- 
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ment of stimulating and recording electrodes is shown in Fig. 2 for the vagus. 
With such an arrangement the size of the antidromic action potential evoked 
by a maximal electrical shock at S and recorded at R depends on the amount 
of spontaneous activity: when spontaneous orthodromic activity of the non- 
medullated fibres is increased the size of the evoked antidromic C potential 
decreases (Douglas & Ritchie, 1957): this decrease has been used as a measure 
of the degree of spontaneous activity. The nerves were stimulated with shocks 


Fig. 1. A record of the compound potential Of Cervical vagus below the superior 
laryngeal nerve. Three major elevations can be distinguished: the first, which is short and 
spikelike and follows immediately on the stimulus artifact, is the A elevation due to the 
larger medullated fibres; the second, which arises out of the first, is the B elevation and is due 
to the small medullated fibres; the third is the C elevation due to the slow-conducting non- 
medullated fibres—it shows two peaks. The time marker signals 10 msec; the distance 
between the stimulating and recording electrodes was 44 mm; the nerve was isolated and in 
a pool of liquid paraffin at 36° C. 


Nodose 


ganglion Vagus nerve To chest 
S R 
50 mm 


Fig. 2. A diagram of the arrangement of the stimulating (S) and recording (R) electrodes employed 
to detect and measure spontaneous activity in the non-medullated fibres of the cervical vagus. 
The nerve, which runs intact from the chest, is divided just below the nodose ganglion. 
E is the earth electrode to the preparation. 


sufficiently strong to elicit. maximal C potentials. The shocks were given once 
or twice a second; at this rate the evoked vagal C potential remained fairly 
steady and varied little in amplitude. Sometimes it grew slowly but steadily 
in size during a run—possibly because of the phenomenon of post-tetanic 
enhancement described by Gasser (1950), Brown & Holmes (1956) and Ritchie 
& Straub (1956)—but the base line was quite satisfactory for changes in the 


amplitude of the potential to be easily recognized and measured. 
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Expervments on the vagus 


Intravenous injections of 5-hydroxytryptamine. Injections of 10-100 yg of — 
5-HT in about iml. of Locke’s solution into the external jugular vein caused — 
a pronounced fall in the amplitude of the evoked C potential. The effect was — 
not immediate, but followed with a latency of several seconds from the 


beginning of the injection. It reached its maximum within another second or 


two, and passed off in a further few seconds. Injections of equal volumes of — 


Locke’s solution were without effect. Larger doses of 5-HT (200 ug-2 mg) did 


not appreciably alter the latency and amplitude of the responses. Occasionally, — 
however, the larger doses caused more prolonged effects. A typical effect of — 
5-HT on the evoked cervical vagal C potential, which was obtained with 


Fig. 3. A typical response of the cervical vagal C fibres to 5-H'T. The nerve was stimulated once _ 


per second to elicit a maximal C potential and the size of each such response has been plotted 
against time. During the period marked by the horizontal bar 100 ug of 5-HT was injected 
intravenously. Three of the records of the action potential from this experiment are shown: 
they correspond with the circled points immediately above them. The distance between the 


stimulating and recording electrodes was 44 mm; the temperature of the pool was 35-5°C; _ 


the time signal marks 10 msec. (N.B. the A and B components of the compound action | 


potential in these records are much reduced and distorted because the high-frequency response _ 


of the amplifier was limited by the use of shunts: the C potential is undistorted.) 


100 zg 5-HT given intravenously, is shown in Fig. 3. Record a shows the 
potential which was obtained immediately before the response to 5-HT; 
records b and ¢ were obtained at the height of the response and as soon as it 
was over respectively. The drug caused a 30% fall in the amplitude of the 
potential. In this experiment, the nerve was stimulated once every second and 


the time course is plotted in Fig. 3 above the records of the action potentials. | 


According to the theoretical treatment in our previous paper (Douglas & 


Ritchie, 1957) a fall of 30% in the size of the evoked potential means that at — 


least 30°%, of the fibres had been activated by the injection. 
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Intravenous injections of phenyl diguanide. Intravenous injections of pheny! 
diguanide also reduced the evoked vagal C potential. In most experiments 
10-100 yg produced large effects and 500 yg produced maximal effects in all 
experiments, As was the case with 5-HT, the effect developed rapidly after an 
initial delay of some seconds from the beginning of the injection and dis- 
appeared after a further few seconds. However, the response to phenyl 
diguanide often showed a feature not seen with 5-HT; during the recovery 
phase, the amplitude of the vagal C potential often became greater than that 
of the control responses obtained later in the run or immediately before 


sec 


stimulated maximally twice per second and the size of each evoked C potential has been 
plotted against time. During the period marked by the horizontal bar 500 yg phenyl 
diguanide was injected intravenously. The time scale is compressed fivefold for the open 
circles, i.e, the interval between successive open circles is 2-5 sec. The distance between the 
stimulating and recording electrodes was 50 mm; the temperature of the paraffin pool was 


34° C. 


Fig. 5. An experiment illustrating how the size of the observed effects on the vagal C fibres 
depends upon the distance between the stimulating and recording electrodes. This distance 
was 50 mm for the series of solid dots, and 30-5 mm for the series of open circles. During the 
horizontal bar 100 yg of phenyl diguanide was injected intravenously. Two sets of recording 
electrodes were used and the records obtained simultaneously. The temperature of the 
paraffin pool was 34° C. 


injection, This can be seen in Fig. 4 which shows this effect after an intravenous 
injection of 500 ug of phenyl diguanide. This effect of phenyl diguanide in 
enhancing the recorded vagal C potential might indicate that phenyl diguanide 
causes—in addition to its transient excitant effects—a longer-lasting inhibition 
of spontaneous activity in the non-medullated fibres. 

The effect of interelectrode distance. In previous experiments (Douglas & 


Ritchie, 1957) it was shown that the effect of spontaneous activity in — 
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ing the A potential evoked in the aortic nerve varies with the distance between : 


the stimulating and recording electrodes. Fig. 5 shows that a similar result is 


obtained with the non-medullated vagal fibres. In this experiment records — 


were taken from two pairs of recording electrodes simultaneously. The first — 


recording pair was 50 mm from the stimulating cathode, and the second — 
recording pair 30-5 mm from the stimulating cathode. An intravenous injec- | 
tion of 100 pg of phenyl diguanide caused the evoked C potential at the near © 


electrode to fall by 30% and at the far electrode by 45%. 


Comparison of the effect of intravenous and intra-arterial injections. Since the — 
vagus nerves supply structures in both the thorax and the abdomen, the effects ~ 
observed with 5-HT and phenyl diguanide might have resulted from excitation ~ 


of fibres from either of these regions. An attempt to locate the site of action | 


was, therefore, made by comparing the effect on the evoked vagal C potential 7 
resulting from injection into the great veins with that resulting from injection — 
into the descending thoracic aorta. In these experiments injections were made © 
through a catheter passed into the vena cava or right auricle from the right 7 
external jugular vein, or through a catheter passed into the descending thoracic 7 
aorta by way of the right femoral artery. The positions of the tips of the” 


catheters were determined by post-mortem examination. 


It was regularly found that both phenyl diguanide and 5-HT in doses which | 
were effective intravenously also reduced the vagal C potential when introduced 


into the descending thoracic aorta. The size of the effect was much the same | 


as that following intravenous injection, but there was a distinct difference ~ 


in the latency: whereas the effects following an intravenous injection first ~ 
appeared after a latency of about 4 sec, those following the intra-arterial ~ 


injections came on about 2 sec earlier. A typical experiment is illustrated by 


Figs. 6 and 7, which show the response of the evoked vagal C potential to 10 yg © 


of 5-HT given into the descending thoracic aorta (records a) and into the right © 


auricle (records b). These experiments suggested that the bulk of the non- ~ 
medullated fibres which were stimulated by the drugs originated in the abdo- — 
men. This was corroborated by the experiment illustrated in Fig. 8 which — 
shows that a small dose of phenyl! diguanide (10 4g) which reduced the evoked ~ 
vagal C potential when given into the descending thoracic aorta, had no effect — 
when given into the right jugular vein close to the right auricle. Conclusive © 


evidence for the abdominal origin of the C fibres which were excited by the 
drugs was provided by experiments where the whole gastro-intestinal tract 
from the cardiac sphincter to the rectum was removed: under these conditions 
neither 5-HT nor pheny! diguanide in doses of 500 yg intravenously produced 


any effect, although immediately before evisceration 10ug of each of these 


drugs intravenously had produced large effects. 


Site of action of the drugs. The question arose whether the nerve terminals — 


themselves were being excited in these experiments or whether the substances 
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were acting directly on the nerve trunks in a fashion similar to that of 
depolarizing agents, such as potassium chloride, which set up impulses when 

applied to the nerve membrane anywhere along its length. The experiments in 
the eviscerated animal, in which very large doses of phenyl diguanide or 5-HT 
were without effect on the evoked vagal C potential, show that the effects of 
these drugs do not result from actions on the nerve fibres in the trunk; for in 
these experiments all the vagus nerve above the diaphragm was intact and 
well circulated with blood (as was shown first by the fact that blood could be 
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Fig. 6. Records illustrating the different latencies of the vagal C fibre response caused by injections 
of 10 ug 5-HT into the descending thoracic aorta (series a) and into the right auricle (series 6). 
The records read from below up: they show successive sweeps taken at intervals of half a 
second. In each series the injection is signalled on the second beam of the oscilloscope and 
began just before the fifth sweep from the bottom. The sweep showing maximal reduction of 
the C elevation in each run is marked by an arrow. The distance between the stimulating and 
recording electrodes was 39 mm; the temperature of the paraffin was 35° C. 


Fig. 7. The same experiment as Fig. 6. The amplitudes of the evoked vagal C potentials shown 
in Fig. 6 have been plotted against time. Series a is the response to injection of 10 ug 5-HT 
into the descending thoracic aorta. Series b is the response to injection of 10yg 5-HT into the 
right auricle, The injections are marked by the horizontal bars. 
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seen oozing from the dissected vagus, and secondly, by the finding that within — 
a few seconds of an intravenous injection of veratrine, after an initial fallin the — 
size of the evoked spike indicating an increase in the spontaneous activity in © 
the nerve, there was a typical local change in the nerve under the recording — 
electrodes, namely a large increase in the negative after-potential of the C — 
fibres). A similar control was provided by experiments on the cervical sym- 
pathetic trunk, where it was found that large doses of phenyl diguanide and 
5-HT (500 yg) did not cause any detectable change in the evoked C fibre — 
response. It thus appears that the effects of phenyl diguanide and 5-HT are 
due to actions at the nerve terminals of the non-medullated fibres of the vagus. 


Amplitude of action 
potential (arbitrary units) 


b 


5 sec 


Fig. 8. The effect of a liminal dose of phenyl diguanide (10 yg) on the size of the vagal C potential 
evoked twice per second. In a, the phenyl diguanide was given into the descending thoracic 
aorta. In 5, it was given into the right auricle. The injections are marked by the horizontal 
bars. The distance between the stimulating and recording electrodes was 39 mm; the 
temperature of the paraffin pool was 35° C. 


Experiments on the aortic nerve 

Experiments similar to those described for the vazus were carried out on the 
aortic nerve. The results obtained after injection of drugs were not so con- 
sistently clear-cut as those obtained on the vagus, because the C component 
of the compound action potential of the aortic nerve is small relative to the 
A potential and“tends to be obscured by the spontaneous barosensory A 
activity which may be of comparable size. However, in several experiments — 
injections of phenyl diguanide and 5-HT were observed to bring about a 
transient reduction in the evoked C potential from the non-medullated fibres 
in this nerve. The experiment which yielded the most definite results was one 


in which the complement of non-medullated fibres was exceptionally large and 
the evoked C potential much larger than the background A fibre activity. The 
results of injecting intravenously 500 yg of phenyl diguanide and 250 yg of 
5-HT are shown in Fig. 9a and b respectively. Each drug caused a large fall 
in the evoked C potential. However, the most striking feature with both drugs } 
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was the shortness of the interval between the beginning of the injection into 
the jugular vein and the onset of the response. The latency found with these 
intravenous injections was 1-2 sec, i.e. it was comparable with the latency 
observed when the fibres in the main trunk of the vagus were fired by intra- 
arterial injections into the descending thoracic aorta. This indicated that these 
aortic non-medullated fibres originated in the thorax rather than in the 
abdomen. This belief was confirmed by the finding that the same doses of 
phenyl diguanide or 5-HT given into the descending thoracic aorta had no 
effect on the evoked aortic C potential. 


100-- 


Fig. 9. An experiment on the non-medullated fibres of the rabbit’s aortic nerve. Each graph, 
a and b, shows the size of the C potential evoked twice every second, plotted against time. 
In a, 500 pg of phenyl diguanide was given into the right auricle. In 6, 250 yg of 5-HT was 
injected into the right auricle. The horizontal bars signal the injections. The time scale is 
compressed fivefold for the open circles, i.e. interval between successive open circles is 2-5 sec; 
the distance between the stimulating and recording electrodes was 24 mm; the temperature 
of the paraffin pool was 32° C. 


Blood pressure changes 
Throughout these experiments the blood pressure was routinely recorded. 
The effects of the drug injections upon systemic blood pressure were usually 
small and variable—no doubt because both vagi and aortic nerves were 
divided, thus interrupting major reflex pathways. It was clear, however, that 
the effects of the drugs on the C potential of the vagus and aortic nerves were 
not mediated by blood pressure changes. 


DISCUSSION 


Up to the present time the direct identification of signals in afferent nerve 
fibres of the non-medullated type has not been possible in mixed nerve trunks. 
This has hampered the understanding of the functions of a large group of 
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nerve fibres widely distributed in the body. The present experiments show that — 
the technique recently developed (Douglas & Ritchie, 1957), which proved — 
effective in measuring activity in non-medullated motor fibres, also allows the — 
activity in non-medullated sensory fibres to be identified and measured. The — 
technique thus provides a practical—and simple—electrophysiological tool for 


studying activity in non-medullated nerve fibres generally. 


The focus of interest in our experiments has been the tenth cranial nerve, — 
and in particular its cervical vagal and aortic branches, because in earlier — 
experiments (Douglas et al. 1956; Douglas & Ritchie, 1956) it was found that — 
much of the reflex depressor activity in these nerves was associated with the — 


non-medullated C-type fibres. These earlier experiments, however, gave no 


insight into the receptor function of the non-medullated fibres or from what — 
areas they were derived, and it was to investigate this problem that the present — 
experiments were undertaken. The experimental approach that was chosen— — 
namely to seek activity induced by drugs—was adopted in the hope that these _ 
drugs which were already known to excite a variety of vagal medullated — 
afferent fibres (see the reviews by Dawes & Comroe, 1954; Aviado & Schmidt, © 
1955) would also excite the non-medullated fibres—possibly over a wide area — 
and in such a manner as to induce a high rate of firing of impulses. Such © 
conditions would provide the best chance of detecting non-medullated fibre | 
activity with the present method and might point the way for more analytical — 
experiments. This hope was realized and has allowed identification of the — 
peripheral regions of origin of many of these non-medullated vagal and aortic — 
nerve afferent fibres. Thus, the bulk of the non-medullated fibres in the cervical — 
vagus which were seen to fire in response to injections of phenyl diguanide and — 
5-HT seem to come from the abdomen, and those in the aortic nerve from the © 


thorax. The fact that we were unable to find any activity in non-medullated 


fibres in the cervical vagus that could be considered to arise in the thorax does 
not necessarily mean that the non-medullated afferent fibres arising there from _ 
the heart or lungs (Evans & Murray, 1954) were insensitive to the drugs. Any — 
effect in these fibres might well have been overshadowed by the potentials © 
evoked in the other non-medullated fibres, for the bulk of these come from the © 
abdomen. This is a matter which could perhaps be resolved by recording from — 


the appropriate branches of the vagus in the thorax. 


The effects of phenyl diguanide and 5-HT on the non-medullated fibres of — 


the vagus and aortic nerve is an effect exerted at their endings, for these drugs 


do not excite the C fibres of the vagus after removal of the stomach although | 
the vagal trunk is still intact above the diaphragm. Moreover, the effects of — 
these drugs must involve sensory nerve endings, This follows from the fibre — 
composition of the cervical vagus and the magnitude of the effects observed. © 
Thus, responses were obtained with the cervical vagus, sufficiently large to 
make it certain that at least one-third of all the non-medullated nerve fibres _ 
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at that level were firing. As these responses were due to the abdominal fibres 
which constitute only part of the non-medullated population, it follows that 
considerably more than one-third of the abdominal vagal fibres had been 
activated by the drugs. And since only one-tenth of the abdominal vagal fibres 
are efferent most of the discharge must have been in afferent fibres. 

On the basis of the present evidence it is not possible to establish whether 
these vagal afferent endings are excited directly by the drugs, or indirectly as 
a consequence of some change in the gastro-intestinal tract, such as muscular 
contraction. If the effect is a direct one the question arises how the drug- 
sensitivity of these afferent fibres is related to their normal functioning. This 
question has been repeatedly raised with regard to the afferent fibres from the 
carotid bodies and the skin where the strong excitant effects of acetylcholine 
have been postulated to have some physiological significance. But despite an 
abundance of experimental data, no firm conclusions about the role of acetyl- 
choline have been reached. (See Douglas 1954, and Gray 1956.) Nevertheless, 
it is tempting to speculate on the possible role of 5-HT in visceral afferent 
nervous function, for 5-HT is normally present in large amounts in the gastro- 
intestinal tract. Thus, according to Feldberg & Toh (1953) a gram of the 
rabbit’s gastric mucosa may contain as much as 10 wg of 5-HT base. In our 
experiments 10 yg of 5-HT (of which only about half was the base) caused a 
vigorous discharge from vagal abdominal afferent nerves when injected into 
the right auricle. Only a small part of this dose could have reached the gut. 
The excitant dose of 5-HT is thus only a tiny fraction of that normally present 
there. Any substantial release of intestinal 5-HT might, therefore, be expected 
to excite the non-medullated afferent fibres: from Toh’s (1954) experiments it 
appears that 5-HT is, in fact, continually released from the intestine. It is thus 
possible that 5-HT has a role as a chemical mediator in the initiation of sensory 
signals in the gut. Certainly where the intestine is injured, the possibility of 
afferent nerve stimulation by released 5-HT is not remote. 

The possible functions of medullated afferent fibres from the gut has 
recently been discussed by Paintal (1953, 19544, b). Discussion of the normal 
stimulus to the visceral non-medullated afferent fibres which were excited by 
phenyl diguanide and 5-HT cannot be pursued far on the evidence currently 
available. Gernandt & Zotterman (1946) have noticed that pinching the gut 
causes a discharge in mesenteric nerve strands, which from its character they 
believe comes from C fibres. They considered these fibres were concerned with 
intestinal pain; and it is possible that such fibres contributed to the reflex 
cardiovascular effects found on central stimulation of the C fibre group im the 
cervical vagus (Douglas & Ritchie, 1956). But it seems to us that the number 
of non-medullated afferent fibres in the abdominal vagi is so large and so 
overshadows the number of medullated afferent fibres (about 25,000 as against 
less than 75, according to Evans & Murray, 1954) that non-medullated afferent 
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fibres must be concerned in mediating visceral sensation and functions apart 
from pain. The modalities subserved by the non-medullated visceral afferent 
fibres, however, will only be established by further experiment. 


SUMMARY 


1. The technique for recording spontaneous activity in whole nerve trunks 
described by Douglas & Ritchie (1957) has been applied successfully to study 
activity in non-medullated afferent nerve fibres in the rabbit’s cervical vagal 
and aortic nerves. 

2. Non-medullated afferent fibres in the cervical vagus and aortic nerves 
are caused to fire by injections of 10-100 yg of either phenyl diguanide or 
5-HT given intravenously. 

3. The non-medullated fibres excited in the aortic nerve came from the 
thorax, while those seen to fire in the cervical vagus came from the gastro- 
intestinal tract. 

4. Since the excitant dose of 5-HT is only a small part of the amount of this 
substance present in the gut, 5-HT may have a role in the initiation of sensory 
signals from the gastro-intestinal tract. 

5. The importance of the huge mass of non-medullated afferent nerve fibres 
in the viscera is stressed. 

This work was carried out with the aid of a grant from the National Institute of Neurological 
Diseases and Blindness, N.I.H., United States Public Health Service (B 1093). 
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THE EFFECT OF A RAPID CHANGE IN Nat BALANCE ON 
THE SALIVARY Na+: K*+ CONCENTRATION RATIO OF 
SODIUM-DEPLETED SHEEP 


By D. A. DENTON anp I. R. McDONALD 
From the Department of Physiology, University of Melbourne, Australia 


(Received 18 March 1957) 


When sheep are depleted of Nat, the Na+: K+ ratio of the parotid saliva falls — 


from a normal value of approximately 180:10 to as low as 10:180 (Denton, 
1956). It has been shown (Goding & Denton, 1956) that the presence of the 


adrenal gland is necessary for this response to occur, although other factors — 


may be involved (Denton, 19576; Goding & Denton, 1956). Because the 
change in the salivary Na+: K* is of such great magnitude and bears a close 
relationship to the Na+ balance of the animal, the mechanisms underlying the 
change have been the subject of intensive investigation in this laboratory. 
The original purpose of the experiments reported here was to show positively 
that the change in salivary Na+:K+ accompanying a disturbance of Nat 
balance was not due simply to a change in the amount of Na+ presented to the 
parotid secretory cells per unit of time (Denton, 19575). It was thought that 
an ipsilateral intracarotid infusion of 4m-NaCl during an ipsilateral acetyl- 
choline infusion would ensure that the amount of Na+ reaching the parotid 
gland of a Nat-depleted sheep would be as great or greater than that per- 
taining under control conditions with normal Na+ balance. It was found that 
increases from 4 to 40 m-equiv/l. in the Na+ concentration of the plasma 
perfusing the gland had no immediate effect in any way comparable with the 
effect of significant alterations in the animal’s Nat balance (see Results). 
However, when the Na+ equilibrium of a Nat-depleted sheep was rapidly and 
significantly altered by such an intracarotid injection of a concentrated 
solution of NaCl, the parotid salivary Na+:K+ rose rapidly after a latent 
period of 1-2 hr (McDonald & Denton, 1956). This suggested that the site of 
action of the infused Na+ was elsewhere in the body than the parotid gland. 
The secretion rate of a sheep with a unilateral parotid fistula, whilst 
continuous, varies a great deal over short time intervals. The desire to avoid 
this variation of secretion rate, and its effect on the salivary Na+: K+ of a Na*- 
depleted sheep (Denton, 1957 5), was a further reason leading us to study this 


4 44 
effect 
parotik 
ACh i 
| but th 
(Dent« 
initial 
infusi¢ 
The 
admin 
inject 
such 
ector 
an 
the a 
Ten & 
duct f 
had @ 
& 
3 these 
| The 
left s 
of on 
had 
a left 
| 0-4 k 
| daily 
3 
| rece 
equi 
tive 
N ar 
dail 
4 5 de 
fell 
195 
| def 


SODIUM CHANGES AFFECTING SALIVARY IONS 45 


effect of rapid change of Na+ balance during continuous stimulation of the 
parotid gland by ipsilateral intracarotid infusion of ACh. It was found that 
ACh infusion caused an immediate and sustained rise of salivary Nat+:K+, 
but this infusion never caused the ratio to rise to more than 25% of normal 
(Denton, 19576), even when it was continued for as long as 680 min. After the 
initial increase, there was no further change. The large change in salivary 


Nat: K+ caused by a sufficiently large NaCl infusion still occurred if the ACh 
infusion were omitted. 


The effect of the NaCl injection appeared to be unrelated to the route of 
administration, since intravenous injection had the same effect as intracarotid 
injection. The intracarotid injection of a hypertonic glucose solution had no 
such effect. It was found that the response to NaCl injection was prevented 
by anaesthesia, could not be produced in the Nat-depleted, bilaterally adrenal- 
ectomized sheep, and was reproduced by excision of the adrenal glands from 
an anaesthetized Na+-depleted sheep. It is suggested that this response to 


a significant change of Na+ balance was due to inhibition of the secretion of 
the adrenal cortex. : 


METHODS 


Ten Merino and cross-bred ewes and wethers were used. All had permanent unilateral parotid 
duct fistulae. Six sheep were reserved for experimentation without anaesthesia. Each of these 
had a parotid fistula of the type devised by Wright (Denton, 1957a), and an ipsilateral carotid 
artery loop. Two of the sheep (P.F. 7 and P.F. 16) also had contralateral carotid loops and, as 
a result of 12 months’ previous experimentation, were well trained to stand undisturbed during 
these experimental procedures. The left carotid sinus of both these sheep had been denervated. 
The left cervical sympathetic trunk of P.F. 16 had been divided in the root of the neck, and the 
left superior cervical sympathetic ganglion had been removed. The left cervical sympathetic 
trunk of two other of these sheep, P.F. 33 and P.F. 35, had been divided. The right adrenal gland 
of one other sheep, ‘ Alphonso’, had been removed 2 months previously. The last of this group of 
sheep, P.F. 20, had been bilaterally adrenalectomized. The other four sheep, P.F. 26, 27, 28 and 31, 
had left parotid fistulae prepared by the Pavlov—Glinski technique. One of them, P.F. 28, had 
a left carotid artery loop. 

For a period of one week before the experiments all the sheep were fed on a standard diet of 
0-4 kg oaten chaff and 0-2 kg lucerne chaff daily. They had free access to water, and were given a 
daily supplement of 300-600 m-equiv of NaHCO, in 1-0-1-5 1. of water by intubation of the rumen. 

Sodium depletion. Each sheep lost 1-0-3-5 1. of saliva daily from its fistula. While they were 
receiving the daily NaHCO, supplement the urinary Nat concentration was more than 100 m- 
equiv/L. and the average salivary Na+ and K+ concentrations were 165 and 17 m-equiv/l. respec- 
tively (cf. Denton, 19574). Sodium depletion was caused by withdrawing or reducing the daily 
NaHCO, supplement. When the supplement was withdrawn, or decreased to 100 m-equiv NaHCO, 
daily, the salivary Na+ concentration fell and the K+ concentration rose (Denton, 1956). In 4 or 
5 days the salivary Na+:K* fell from a mean of 11-2 to 1-0 or less, and the urinary Nat excretion 
fell to less than 1 m-equiv/day. Balance studies on P.F. 16, P.F. 7 and P.F. 33 (see also Denton, 
1957 a) indicated that, when the salivary Na+:K+ was 1-0 or less, the sheep had a Na* deficit of 
500-700 m-equiv. All the experiments were done when the parotid salivary Na*+:K* was in the 
region of 1-0 and, excepting three experiments on P.F. 33 during which a total electrolyte balance 
study was made and the exact Na* deficit was known, this ratio was assumed to indicate a Nat 
deficit of at least 500 m-equiv. 
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Injection technique. When experiments were made on conscious animals, the carotid artery loops 
were utilized. Acetylcholine (Roche) was diluted 2 x 10~* in a sterile solution of 5% glucose in 
glass-distilled water, and a mercury pump (Denton, 19575) with a capacity of 11. was used to 


inject the solution. The rate of injection was calibrated for delivery at 0-5 ml./min against a — 


column of mercury 120 mm high. 

' NaCl solutions were made up to a concentration of 4 m, using A.R. NaCl and redistilled water. 
This solution was sterilized by boiling, and was injected by a motor driven syringe (Denton, 
19576). Two rates of injection were used, approximately 0-4 and 1-6 ml./min. The actual rate of 
delivery was calculated for each experiment. The NaCl solution was injected either into a junction 
in the tube delivering the ACh solution or directly into the vessel by means of a second needle 
which, in the case of intracarotid injection, was inserted just above the ACh needle, For intra- 
venous injection in the conscious animal, a 19-gauge needle was inserted through the skin of the 
neck into the jugular vein, and fixed in position by a skin suture. Washed polyvinyl! chloride 


tubing was used to connect the delivery needle with the pump. 


precautions were taken. 
Collection of saliva has been described (Denton, 19575). 


Analytical methods. The methods used for electrolyte analysis of saliva, blood, plasma and urine 


Wynn, McDonald & Simon, 1951). 
RESULTS 
Effect of acetylcholine stimulation 

In order to avoid the effect of alteration in secreto-motor activity in the course 
of the experiment (see Introduction), we studied the effect of NaCl injection 
during continuous stimulation of the gland with ACh. The infusion of ACh 
caused an abrupt rise in the secretion rate and Na+: K+ of the parotid saliva. 
This rise was generally followed by a slow fall, accompanied usually, but not 
always, by a slow fall in the salivary secretion rate. In general, the increase in 
Na+: K+ was from less than 1-0 to between 1-0 and 2-0, although in two experi- 
ments it rose immediately to 4-0 and then stabilized at about 2-5. Fig. 1 
illustrates this phase of three experiments, in which the ACh effect was studied 


for periods up to 6 hr. The change in Na+: K+ was due to reciprocal changes _ 


in the Na+ and K+ concentrations. 


i 


1 


2 1 0 1 2 3 4 5 6 7 
Hours 
Fig. 1. The effect of stimulation of the parotid gland by ipsilateral intracarotid ACh infusion on 
the salivary Na+:K*+ of three Nat-depleted sheep. Time 0 is the beginning of ACh infusion 
(2 x 10-* at 0-5 ml./min), which was continued throughout the period of each experiment. 
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Effect of vpsilateral intracarotid injection of 4m-NaCl 

Composition of the blood. Experiments were made to determine the change 
in electrolyte composition of the blood during the injection of approximately 
4m-NaCl. The NaHCO, supplement of a sheep with a parotid fistula (P.F. 31) 
was withdrawn and when, after 4 days, the salivary Na+:K+ had fallen 
to 1-4 (Nat+=122, K+=88 m-equiv/l.) it was anaesthetized with cyclopro- 
pane for the following experiment. The left carotid and transverse facial 
arteries were exposed. Blood samples were taken from the transverse facial 
artery, where the composition would approximate to that of the blood perfusing 
the parotid gland. The NaCl solution (approximately 4 m) was injected into 
the carotid artery at a distance of 15 cm from the parotid hilum, and 20 cm 
from the region of blood sampling. Blood samples were taken before and 
during NaCl injection at rates of 0-48-1-73 ml./min. The findings with and 
without concurrent injection of 2 x 10-* ACh at 0-3-0-5 ml./min were compared. 


Taste 1. P.F, 31. The effect of intracarotid injection of 3-6m-NaCl and concurrent ipsilateral 
intracarotid injection of ACh on the electrolyte concentrations of the blood and plasma per- 
fusing the ipsilateral parotid gland. The sheep was anaesthetized with cyclopropane. Blood 
samples were withdrawn from the ipsilateral transverse facial artery 


3-6m-NaCl Whole blood Plasma 
injection Volume - A A 
Time rate injected Na+ K+ Cr Nat Kt Ch ACh 
Expt. (min) (ml/min) (ml.) (m-equiv/1.) (m-equiv/L.) injection 
(a) 0 (control) _— 128 6566 104 438 #562 IIT Nil 
5 8-5 144 63 115 160 5&6 138 
29 (control) — 128 64 98 147 50 42119 )2xl0*in 
41 1-73 10-5 144 66 125 161 5560 139 5 
at 0-3 ml./min 
(b) 0 (control) 131 53 1083 42 6&2 115 
27 0-48 4-0 1338 54 100 46 46 #122 {xa 
39 168 £90 151 50 123 161 43 «144 
54 (control) — 184 56 107 142 44 1238 )2x10*in5% 
75 2-0 134 567 107 %147 #448 dextrose at 


The results (Table 1) indicate that an increase in the whole blood Na+ concen- 
tration of 16-18 m-equiv/l. could be expected in the parotid field during the 
intracarotid injection of approximately 4m-NaCl at 1-68-1-73 ml./min. Cor- 
responding plasma Na* changes were 14-17 m-equiv/l. When the injection rate 
of the NaCl solution was 0-48 ml./min, the whole blood Na+ concentration rose 
only slightly (0-2 m-equiv/1.) and the plasma concentration rose 4-5 m-equiv/I. 
The changes in whole blood and plasma K* concentrations were slight and 
variable, while the Cl- concentrations rose, as would be expected, by approxi- 
mately the same amount as the Nat concentration. There was no gross 
difference between the blood electrolyte concentrations with and without ACh 
infusion. | 
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In these experiments, the amounts of NaCl injected were small and caused — 
little change in the electrolyte concentrations of the general circulating blood. — 
It was necessary therefore to determine the effect of injection of larger volumes — 
of 4m-NaCl solution on the electrolyte concentrations of the general circulating — 


blood both during and after the injection. This was done in two experiments — 


on anaesthetized Nat-depleted sheep, and one experiment on a conscious . 
Nat-depleted sheep standing quietly in its cage. Blood was withdrawn from — 
the carotid artery on the side opposite to the injection. The results are — 


presented in Table 2. Both whole blood and plasma analyses were made in | 
only one experiment. When 60-67 ml. of 4m-NaCl was injected at 1-67- — 
1-72 ml./min, the plasma Na+ concentration rose by 22-26 m-equiv/I. at the 


end of the injection and was still raised by 9-15 m-equiv/l. 120-160 min later. | 


When 31 ml. of 4m-NaCl was injected at 1-82 ml./min, the plasma Na+ rose — 
by 3 m-equiv, but returned to the control value 1-5 hr later. The otherwise — 


inexplicable behaviour of the whole blood Na+ concentration (a fall of 


4 m-equiv by the end of the injection) may have been due to variations of | 


haematocrit value, which can occur when samples are taken from a large — 


artery. The plasma K+ concentration fell during these experiments, although 
the fall was of minor degree in the experiment on the conscious animal. 


These findings indicate that recirculation would cause an even greater | 


increase in the Na+ and Cl- concentrations in the blood perfusing the parotid 


gland than would be predicted by the previous experiments. For example, — 


with an injection rate of 1-7 ml./min, the initial increase would be about 


TaBLE 2. The effect of injection of approx. 4m-NaCl on electrolyte concentrations in peripheral _ 


blood of Nat+-depleted sheep. Blood samples withdrawn from contralateral carotid artery. 


The figures in parentheses are whole blood Na+ and K+ concentrations, In two of the experi- _ 


ments, 2 x 10-* ACh was infused into the ipsilateral carotid artery at 0-5 ml./min 


Plasma 
‘Nat K+ 
Expt. Blood sample (m-equiv/.) 

P.F. 28, 67 ml. 3-8m-NaCl in- Control (before ACh) 146 4-2 120 
jected at 1-72 ml./min; Control (after ACh) © 147 3-7 121 
27 min after NaCl 169 2-6 144 

x 10 at 0-5 ml./min 36 min after NaCl 158 3-0 141 
76 min after NaCl 161 3-9 141 
160 min after NaCl 156 3-5 136 

P.F. 27. 60 ml. 4m-NaCl in- Control (before ACh) 139 4-5 119 
jected at 1-67 ml./min ; Control (after ACh) 140 3-9 112 
Pane een anaesthesia ; A 40 min after NaCl 166 2-2 154 

x 10-* at 0-5 ml./min 120 min after NaCl 155 2-2 144 

P.F. 16. 31 ml. 4m-NaCl in- Control 140 4-5 121 

jected at 1-82 mi. /min ; no Control 141] 4-4 118 
no infusion of (135) (4-6) 

ACh 19 min after NaCl 144 4:3 119 
(131) (4-2) 

263 min after NaCl 140 3- 120 
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17 m-equiv/l., and it could reach as much as 40 m-equiv/l. by the end of the 
injection, 

Composition of the parotid saliva. Eleven experiments were made using five 
conscious animals. They were not disturbed by the procedure apart from some 
‘lip-smacking’ (cf. Verney, 1947), and attempts to lick up saliva during the 
NaCl injection. On the day of experiment the salivary Na+: K+ of each animal 
was 1-0 or less, indicating a Na+ deficit of more than 500 m-equiv. In the 
graphical representation of the results, a logarithmic scale is used to plot the 
value of Na+: K+. An arithmetic scale gives undue emphasis to small reciprocal 
changes in the Na+ and K+ concentrations when their concentrations are 
grossly different, and minimizes much larger changes when their concen- 
trations are similar. A logarithmic scale, which avoids this misrepresentation, 
has been used for Figs. 2-11. 

The NaCl solution was injected 1-5 hr after starting stimulation of the 
parotid gland by the intracarotid ACh. The salivary secretion rate and 
Nat: K+ were relatively constant during the hour immediately preceding the 
NaCl injection. In spite of the change in blood Na+ concentration described 
above, the injection of 4m-NaCl into the carotid loop ipsilateral to the fistula 
had only small and inconstant effects on the salivary Na+ concentration, 
whether the rate of injection was 0-4 or 1-8 ml./min. Usually the injection 
caused a slight increase (up to 10 m-equiv/l.) in the Na* concentration, 
although sometimes the Na+ concentration fell. The ratio Na+: K+ of the saliva 
usually fell, owing mainly to an increase in the K+ concentration. In most 
experiments the fall in Na+:K+ was associated with a fall in the rate of 
salivary secretion (Fig. 3). Again, this effect was not constant. This change 
in salivary Na+: K+ was of minor extent and was not sustained (Figs. 2, 3), any 
further change being dependent on the amount of NaCl solution injected, and 
the conditions of the experiment. 

In three of these experiments (P.F. 16, P.F. 7 and ‘ Alphonso’), 22, 15 and 
16 ml. of 4m-NaCl were injected at 0-31, 1-62 and 1-78 ml./min—.e. 88, 60 and 
64 m-equiv of Na+ at these rates. The salivary Nat+:K* of P.F.16 and 
Alphonso remained constant for the next 4 hr, while that of P.F.7 rose a 
little 2 hr after the cessation of injection (Fig. 2). 

The volume of 3-2-4-0 m-NaCl solution injected in the other eight experi- 
ments was from 30 to 129 ml.—i.e. 120-413 m-equiv Nat. In all but one of 
these experiments (P.F. 33, 62 ml. of 3-8m-NaCl injected at 1-72 ml./min), 
the salivary Nat: K+ rose progressively =‘.er an interval of 1-2 hr from the 
end of the NaCl injection. A typical experiment is shown in Fig. 3. There was 
no relationship between salivary secretion rate and Na+:K+ after the NaCl 
injection (Fig. 3). 

Fig. 4 shows the effect of injection of approximately 60 ml. 4m-NaCl in two 


experiments on the same animal (P.F. 16). The injection rates were 0-4 and 
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wh stove P.F.7, P.F. 16 and ‘Alphonso’, Na+-depleted. The effect of ipsilateral intracarotid 
injection of 4m-NaCl on salivary Na+:K+ during ACh stimulation of the parotid gland. 
O, P.F.16 (22. ml. at 0-31 ml./min~88 m-equivy NaCl in 71 min); ©, P.F.7 (15 mi. at 
1-62 ml/min —60 m-equiv NaCl in 9 min); @,‘ Alphonso’ (16 ml. at 1-78 ml./min = 64 m-equiv 
NaCl in 9 min). Time 0 = beginning of NaCl injection. 
In this and all subsequent figures the parotid salivary (Na/K) ordinate scale is logarithmic; Fig. 
the horizontal bars indicate periods of injection of NaCl (glucose in Fig. 8). | 


Fig, 
0-5 
Hours 
Fig. 3. P.F.7, Nat-depleted. The lower section shows the effect of ipsilateral intracarotid 
injection of 4m-NaCi on the salivary Na+: K+ during ACh stimulation of the parotid gland; 
70 ml. 4m-NaCl (280 m-equiv NaCl) was injected at 1-63 ml./min. There was a time lag of me 


upper section shows the parotid secretion rate. 
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1-72 ml./min. The results of these two experiments show that the latent period 
before the rise in salivary Na+: K+ was approximately 1 hr from the end of the 
NaCl injection. 


Parotid salivary (Na/K) 
w 
| 


| 


Fig. 4. P.F. 16, Na*-depleted. The effect of ipsilateral intracarotid injection of 4m-NaCl at 
different rates. ©, 67 ml. at 1-72 ml./min=268 m-equiv NaCl; @, 64 ml. at 0-40 ml./ 
min = 256 m-equiv NaCl. 
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Fig. 5. P.F. 33, Nat-depleted. The effect of ipsilateral intracarotid injection of different volumes 
of approximately 4m-NaCl during ACh stimulation of the parotid gland in three successive 
experiments. The animal had approximately the same degree of Nat deficit in each instance. 
O, Nat deficit, 644 m-equiv; 62 ml. 3°8m-NaCl injected, 234 m-equiv NaCl, at 1-7 ml./min; 
@, Na* deficit, 689 m-equiv; 30 ml, 4m-NaCl injected, 120 m-equiv NaCl, at 1-7 ml/min. 
©, Nat deficit, 692 m-equiv; 129 ml. 3-2m-NaCl injected, 413 m-equiv NaCl, at 1-7 ml./min. 


Fig. 5 shows the results of three successive experiments on another sheep, 
P.F. 33. The total electrolyte intake and output of this animal were carefully 
{ measured during the periods of Na+ depletion, so that the exact Na* deficit of 
the animal was known for each experiment. In these experiments there was 
no correlation between the amount of NaCl injected and the change in ved 
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Nat+:K+. In the first experiment no change followed the injection of 62 ml., 


7 


yet in the second a definite and rapid change followed the injection of 30 ml., — 
even though the Na+ deficit was approximately the same in both experiments. — 


In the third experiment, where the amount of Na+ injected (413 m-equiv) was 


almost two-thirds of the deficit, the change in Na+: K+ was sluggish, when © 
compared with the rapid change illustrated in Fig. 3, or with the equally rapid © 
though smaller change in the second experiment in Fig. 5. In considering these — 
aberrant results, it. may be of significance that P.F.33 was a particularly © 
nervous animal, easily disturbed and prone to vigorous stamping and kicking © 
if not handled very cautiously. Also, the experiment, in which the expected — 
salivary response to the injection of 62 ml. of 3-8m-NaCl did not occur, was — 
only the second occasion on which the animal was subjected to the injection 


and collection procedure, and it was extremely restless throughout. The 
animal was very quiet during the experiment when 30 ml. NaCl were injected, 


but restless during the final experiment when 129 ml. were injected. The other 


sheep were all accustomed to the experimental procedures. 


Intravenous injection of 4m-NaCl 


Because of the time delay in the change of salivary Na+: K+ following the © 


intracarotid injection of NaCl, and the absence of definite change unless at 


least 120 m-equiv of NaCl was injected, it seemed logical to assume that the — 
effect of the injected Na+ was not directly on the parotid gland, since the increase — 


in Na* concentration in the blood perfusing the gland when very small 
volumes were injected had been amply demonstrated. An experiment was 


made, using P.F. 33 (by now accustomed to the procedure), in which the : 


parotid gland was stimulated by ACh as before, and 76 ml. of 4m-NaCl was — 


injected into the opposite jugular vein at 1-81 ml./min. The salivary Na+: K+ 


rose rapidly after a latent period of 2 hr from the end-of the NaCl injection E 


(Fig. 6). 
NaCl injection without ACh stimulation of the parotid gland 

It was possible that stimulation of the parotid gland was a necessary condi- 
tion for the change in salivary Na+: K+ following NaCl injection. To test this, 
the sheep, PF. 16, was allowed to become depleted of Na+ and, after a control 
collection period of 3 hr, 32 ml. of 4m-NaCl (128 m-equiv of NaCl) was 
injected at 1-82 ml./min into the carotid loop on the opposite side to the 
fistula. The ACh infusion was omitted. The parotid salivary Na+: K+ rose 
abruptly 14 hr after the NaCl injection had ended (Fig. 7). It is interesting to 
note that, coincident with this increase in Na+: K+, there was an increase in 
salivary secretion rate. However, a subsequent decrease in secretion rate was 
not accompanied by a fall in the salivary Nat: K+. The absence of an ipsilateral 


ACh infusion in this experiment permitted the observation of systemic blood ¢ 
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pressure by auscultation during the 4m-NaCl infusion. The average blood 
pressure before the infusion was 90/51 mm Hg (8/D); during the NaCl infusion 
it was 97/68, and over the 3 hr following the infusion it was 84/59. 

Thus it was shown that a definite increase in salivary Na+: K+ occurred if 
120 m-equiv or more of Na* was given, and little or no change occurred if 
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Fig. 6. P.F. 33, Na*+-depleted. The effect of contralateral intravenous injection of 76 ml. 4m-NaCl 
(304 m-equiv NaCl) at 1-81 ml./min on the salivary Na+:K+ during ACh'stimulation of the 
parotid gland. 
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Fig. 7. P.F. 16, Na*-depleted. The effect of contralateral intracarotid injection of 32 ml. 4m-NaCl 
on the salivary Na+:K+; the parotid gland was not stimulated by acetylcholine. 
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60-80 m-equiv Na* was given. The analyses of blood in the systemic and” 
parotid fields, the time delay in response, and the fact that the response was — 
independent of the route of administration suggested that the site of action of | 
administered Na+ was elsewhere in the body than the parotid gland. 


Intracarotid injection of hypertonic glucose solution ; 

Because the rapid injection of a large volume of the hypertonic NaCl — 
solution caused.a marked and lasting increase in the total electrolyte concen- | 
trations of the blood, it was necessary to investigate whether the salivary — 
response was due specifically to the injection of NaCl or merely a non-specific — 
response to the resulting increase in osmotic pressure of the blood. Accordingly, — 
the sheep P.F. 16 was allowed to become depleted of Na+, and the experiment 
was repeated with the ipsilateral intracarotid injection of 71 ml. of a 50% ~ 
solution of dextrose (2-78 m) instead of the NaCl solution. The parotid salivary | 
Na+: K+ did not change in the 3} hr subsequent to this injection (Fig. 8). 
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Fig. 8. P.F. 16, Nat-depleted. The effect of ipsilateral intracarotid injection of 71 ml. 50% _ 
solution of glucose (2-78m) at 1-6 ml./min on the salivary Na*+:K+ during ACh stimulation — 
of the parotid gland. 

Effect of cyclopropane anaesthesia 
Two experiments were made on Nat-depleted animals during cyclopropane | 
anaesthesia. In one experiment the left parotid duct was cannulated and a 
continuous blood-pressure record was taken from one femoral artery. In the 
other, the saliva samples were collected from the fistula by posturing the head, 
without cannulation of the duct. The procedure for ACh stimulation of the 
parotid gland and intracarotid injection of 4m-NaCl was the same as in — 
preceding experiments. Although 60 and 67 ml. respectively of 4m-Na(l 
was injected, the salivary Na+:K+ did not rise in the subsequent 24~4 hr 

(Fig. 9). The blood-pressure record, which was very unstable before the Nal | 

injection, showed that the injection caused a large increase in the pulse 

pressure, which lasted only for the period of NaCl injection. Thereafter the — 
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pressure remained relatively stable at a higher level than before the injection. 
The mean blood pressure before NaC! injection was 85 mm Hg, and after the 
injection it was 100mm Hg. These changes in blood pressure were not 
associated with any changes in salivary Na+: K+ (Denton, 19575). 
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Fig. 9. P.F. 27 and 28, Nat-depleted. Cyclopropane anaesthesia was induced 4-5 hr before NaCl 
infusion, and was continued till the end of the experiment. Effect of ipsilateral intracarotid 
injection of 4m-NaCl during ACh stimulation of the parotid gland. @, P.F. 28, 67 ml. 
3-8m-NaCl (254 m-equiv) at 1-72 ml./min; ©, P.F. 27, 60 ml. 4m-NaCl (240 m-equiv) at 
1-62 ml./min. 


Experiments on adrenalectomized sheep 

Goding & Denton (1956) reported that the injection of large amounts of 
deoxycorticosterone acetate (DOCA) caused the salivary Nat+:K+ of the 
bilaterally adrenalectomized sheep to fall; and withdrawal of the NaHCO, 
intake, while the animal was maintained on a high and constant DOCA 
supplement, caused the salivary Na+: K+ to fall further. It was therefore of 
interest to determine whether the salivary Na+: K+ of the Na+-depleted, bi- 
_ laterally adrenalectomized sheep, maintained on a constant DOCA supplement, 
would increase after the rapid injection of a large amount of 4m-NaCl. The 
experiments were conducted as before. A bilaterally adrenalectomized sheep 
(P.F. 20) was maintained on a DOCA supplement of 20 mg/day and NaHCO, 
supplement of 295 m-equiv/day for one weék. Initially (5 mg DOCA/day), the 
salivary Na+: K+ was 172/30. After one week of the increased DOCA supple- 
ment the ratio was 150/54. Thereupon the Na+ supplement was withdrawn, 
and over a period of 4 days there was a Nat deficit of 360 m-equiv, and the 
salivary Na+:K+ fell to 53/111. It was found that stimulation of the gland 
by ipsilateral intracarotid ACh infusion increased the salivary Na*+:K* to 
91/68 (i.e. the K+ concentration approximated to the value maintained before 
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Na+ depletion). The injection of 60 ml. of 4m-NaCl at 1-7 ml./min in one 
experiment, and 120 ml. at the same rate in another, caused no further 
change in this ratio (Fig. 10). 

From these two experiments, it seemed likely that at least two factors were 
concerned in the change of Na+: K+ in the parotid saliva of the sheep during Na+ 


depletion. One of these factors, related to the local secreto-motor activity of 


the parotid gland, could be eliminated by the continuous stimulation of the 
gland with ACh (Denton, 19576). The other factor was probably the secretion 
of the adrenal cortex. 


sr- 


~ 
a 
| L | | ] 
o 2 1 0 1 2 3 - 5 6 
Hours 


Fig. 10. P.F. 20, bilaterally adrenalectomized, Na*-depleted. Hormone supplement, 20 mg 
DOCA and 25 mg cortisone daily. Effect of ipsilateral intracarotid injection of 60 ml. (240 m- 
equiv, ©) and 120ml. (480m-equiv, @) 4m-NaCl during ACh stimulation of the parotid gland. 


Accordingly, an attempt was made to determine the effect of rapid bilateral 
adrenalectomy on the salivary Na+:K+. Adrenalectomy in the sheep is a 
difficult procedure and it is almost impossible to avoid handling of the 
adjacent sympathetic trunk, especially on the right side. Furthermore, the 
Nat-depleted sheep is more susceptible to shock during such an operation 
than a normal animal. In one experiment it was possible to remove both 
adrenal glands within 10 min with the minimum of handling. The animal had 
been depleted of Na+ in the usual way. After anaesthesia was induced by 
intravenous pentothal and maintained by cyclopropane and oxygen, both 
parotid ducts were cannulated and the left carotid artery exposed. A blood- 
pressure record was taken from a cannula in the left femoral artery. Acetyl- 
choline was infused into the left carotid artery as in the previous experiment, 
and preliminary saliva collections were made from both ducts. The adrenal 
areas on both sides were then exposed through lumbar incisions. The tissues 
for some distance around the adrenal glands were infiltrated with 2% procaine 
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HCl, and the glands were carefully dissected, so that they could be removed 
simply by the application of clamps and excision with a scalpel. This procedure 
took approximately 10 min on either side. After a period of 30 min, during 
which saliva collections were made, both adrenal glands were rapidly excised 
and the clamps were left in place. This was accompanied by a rapid fall in the 
mean blood pressure from 110 to 60 mm Hg. The blood pressure was thereafter 
maintained between 90 and 110 mm Hg by the intravenous injection of 0-5 ml. 
neosynephrin HCl at approximately 30 min intervals. Saliva collections were 
continued on the stimulated and unstimulated side for the next 5 hr. The parotid 
salivary Na+: K+ on both sides first fell, and then rose progressively after the 
adrenalectomy (Fig. 11). There was a latent period of approximately 1 hr 
before the salivary Na+: K+ rose above the control values on the stimulated 
side, and approximately 2 hr on the unstimulated side. The magnitude of 
change was much greater on the unstimulated side. The rise was definite on 
both sides by the fourth hour. This response to bilateral adrenalectomy 
approximated the response to 4 m-NaCl injection, and supported the hypothesis 
that the response to NaCl injection was due to the inhibition of secretion of the 
adrenal cortex. Furthermore, as the animal was anaesthetized with cyclo- 
propane, the experiment indicated that the effect of cyclopropane anaesthesia 
on the response to NaC] injection was mediated by the adrenal gland. 
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Fig. 11, P.F. 26, Nat-depleted. The effect of rapid bilateral adrenalectomy during cyclopropane 
anaesthesia on the salivary Na*: K+ of the acetylcholine-stimulat d and unstimulated parotid 


glands. ©, stimulated side; @, unstimulated side. The vertical bar represents the time of 
removal of the right and left adrenal glands. 
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DISCUSSION 


It seems reasonable to conclude that, in these experiments, any change in the 


parotid salivary Na+:K+ was not due to the immediate increase in Nat 
concentration (4-40 m-equiv/l.) of the blood perfusing the parotid gland. No 
significant change in salivary Na+: K+ occurred unless at least 120 m-equiv of 
Na+ were injected. Apart from this feature there was no simple relationship 
between the amount of change in Na+ equilibrium caused by the NaCl 
injection and the salivary Na+: K+. 

In all experiments in which a definite change in the salivary Na+ and K+ 
concentrations occurred, the change in the Na+ concentration was accompanied 
by an approximately reciprocal change in the K+ concentration (McDonald & 
Denton, 1956). Thus changes in the ratio Na+:K+ imply approximately 
reciprocal changes in the Na+ and K+ concentrations. Apart from the minor 
and variable change during the period of NaCl injection, one feature common 
to these experiments was the latent period of 1-2 hr, after which the salivary 
Na+: K+ rose. This latent period suggests strongly that the rise in salivary 
Na+: K+ was induced by a change in the concentration of a circulating hormone 


and, if inhibition of production were involved, the delay time might be that | 


necessary for destruction of the hormone already circulating. The possibility 
that a nervous mechanism acted directly on the parotid gland to produce the 
change in salivary composition was improbable, because the change in salivary 
Na*:K* occurred with or without constant stimulation of the gland by ACh. 

In view of the evidence presented by Goding & Denton (1956), the secretion 
of electrolyte-active adrenal corticoids should have been increased well above 
normal on the day of experiment. Since withdrawal of DOCA from a Nat- 
depleted adrenalectomized sheep, maintained on a large DOCA supplement, 
causes the salivary Na+: K+ to rise abruptly (Goding & Denton, unpublished), 
it is likely that the increase in salivary Na+: K+ following the injection of a 
sufficient amount of NaCl was due to inhibition of the secretion of the appro- 
priate adrenal hormone. Two experiments favour this hypothesis—first, the 
absence of change in salivary Na+: K+ within 6 hr of a large infusion of NaC! 
being given to the Na+-depleted, adrenalectomized sheep maintained on a 
large constant daily supplement of DOCA; secondly, the rapid and progressive 
rise of the salivary Na+: K+ after bilateral adrenalectomy in the Na+-depleted 
sheep, which was comparable with the rise following NaCl injection. 

If this be the case, it would be of interest to know what factor may specific- 
ally modify the adrenal secretion. There was no evident relationship between 
blood pressure and the rise in salivary Nat+:K+. Cyclopropane anaesthesia 
prevented the salivary Na+:K+ change in conditions which were otherwise 
exactly the same as experiments in which the Na+: K+ rose. This could have 
been due to abolition by anaesthesia of a direct nervous inhibition of the 
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adrenal secretion, or interference with the release of some inhibitory substance. 
Because cyclopropane anaesthesia in man causes an increase in the adrenal 
production of 17-hydroxycorticosteroids (Sandberg, Kik-Nes, Samuels & 
Tyler, 1955), presumably by stimulating the adenohypophysis to secrete ACTH, 
it is possible that this effect may have overridden the inhibitory effect of the 
NaCl injection. It is known, for example, that the injection of ACTH causes 
a fall in the ratio Na+: K+ of human sweat (Conn, Louis, Johnstone & Johnson, 
1948). One could postulate, therefore, that the absence of salivary Na+: K+ 
change in one experiment on P.F. 33 may have been due to emotional factors, 
causing the release of ACTH. Alternatively, such factors could prevent the 
release of an adrenal-inhibiting substance. So far, the only steroid which is 
known to affect the sheep’s salivary Na+: K+ is deoxycorticosterone, either as 
the acetate (Goding & Denton, 1956) or the glucoside (McDonald & Raschke, 
unpublished). It has not yet been demonstrated that the sheep’s adrenal 
gland secretes aldosterone, but it is known that compounds F and B are 
secreted (Bush, 1952; Bush & Ferguson, 1953). Whereas in other species the 
evidence to date is against pituitary control of aldosterone secretion, the 
secretion of compounds F and B (both of which have definite Na+-retaining 
activity (Simpson, Tait & Bush, 1952)) is greatly increased by ACTH, while 
that of aldosterone is relatively slightly increased (Farrell, Rauschkolb & 
Royce, 1955; Singer & Stack-Dunne, 1955). Further evaluation of the NaCl 
injection effect in terms of the adrenal secretion and the way in which the 
salivary response may be prevented must therefore await comparison of the 
effects of the known adrenal steroids on the salivary electrolyte concentrations, 
and investigation of the nature of the compounds secreted by the sheep’s 
adrenal gland under a variety of experimental conditions. 

In addition to these problems, the question of the way in which the NaCl 
injection may modify the activity of an appropriately sensitive tissue remains 
open. It is difficult to assess the results of the experiments involving the 
injection of small volumes of 4m-NaCl and of 50% dextrose, because the 
effect of such injections on the composition of the blood perfusing the brain 
cannot be predicted. The interposition of the rete mirabile which invests the 
pituitary gland of the sheep, between the site of injection and the base of the 
brain, may cause mixing of the blood from both sides of the head, so that, 
although the alteration in composition of the blood perfusing the brain would 
be less than that of the blood perfusing the parotid gland, it would be altered 
significantly on both sides. Alternatively, in spite of the presence of the rete 
mirabile, the blood with altered composition may have presented to only one 
side (the left) and a hypothetical cerebral receptor area would probably have 
bilateral representation. The work of Andersson & Jewell (1956) on the goat 
suggests that the rete may not cause mixing, and that there may be a dominance 
of one carotid artery in the blood supply to the brain. Consequently, these 
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experiments provide only suggestive, and by no means conclusive, evidence — 


that the effect of the NaCl injection was not due to the change in Na* concen- 
tration or osmotic pressure of the blood perfusing the brain. 

When more than 30 ml. of 4m-NaCl was injected, there was a sustained 
increase of the Na+ concentration in the general circulating blood, as well as 
a large change in the Nat content of the animal. In view of the known facts— 
i.e. the fall in salivary Na+: K+ associated with Na* depletion is accompanied 
by a fall in plasma Nat concentration, while the nse following NaHCO, 
administration is accompanied by a rise in plasma Na+ concentration (Denton, 
1957 a); and the finding of Rosenfeld, Rosemberg, Ungar & Dorfman (1956) 
that the secretion of Nat+-retaining substance by the isolated perfused calf 
adrenal is stimulated by reduction of the Na+ concentration and increase of 
K+ concentration of the perfusion medium—.it is tempting to suggest that the 
change in Na+ concentration (or Na+: K+) of the blood perfusing the adrenal 
gland may modify its activity directly. On the other hand, Denton (19575) 
has shown that combined water- and Na*+-depletion in sheep is associated with 
an increase in the plasma Na* concentration, yet the salivary Na+: K+ falls. 
Also, the concentration of K+ in the synthetic perfusion fluid (25 m-equiv/1.) 
used by Rosenfeld e al. was well beyond the physiological range. 

Further experimental investigation is required to test the possibilities out- 
lined above. What emerges, however, is the important point that the salivary 
response to NaCl injection in the Na+-depleted sheep may be used as an 
indication of a specific function concerned with Na+ equilibrium. Subject to 
further experiments designed to identify factors which may interfere with the 
response, it is possible that it may be used in the same way that the diuretic 
response to a standard water dose has been used by Verney (1947) in his 
analysis of the factors concerned in water regulation. Such a test, permitting 
serial observations, and involving a large response over a short time period, 
would be of great value in the investigation of the regulation of electrolyte 
equilibrium. 

SUMMARY 


1. Insheep depleted of Na+ by permanent parotid fistulae a study was made 
of the effect on the salivary Na+: K+ of rapid intravascular injection of a 
concentrated NaCl solution. 

2. In the conscious undisturbed sheep, depleted of 400-600 m-equiv of Nat, 
the injection of approximately 4 m-NaCl into the carotid artery ipsilateral to the 
fistula at a rate of 0-4—1-8 ml./min caused no immediate change of any signifi- 
cance in the salivary Na+: K+, although the Na+ concentration in the plasma 
of the blood perfusing the parotid gland was increased by 4—40 m-equiv/I. 

3. If 60-88 m-equiv of Na+ were injected, the salivary Na+: K+ remained 
constant for 4-6 hr in two experiments, and rose slightly after 2 hr in one 
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experiment. If more than 120 m-equiv NaCl were injected, the salivary 
Na+: K+ remained constant for 1-2 hr and then (with one exception) rose 
rapidly and significantly. In the latter experiments there was no correlation 
between salivary Na+: K* and secretion rate. The increase in salivary Na+: K+ 
occurred in six experiments with constant stimulation of the parotid by the 
infusion of ACh into the ipsilateral carotid artery, and in one experiment 
without such stimulation. 

4. Intravenous injection of 304 m-equiv NaCl caused the parotid salivary 
Nat: K* to rise in the same way as intracarotid injection. Ipsilateral intra- 
earotid injection of 50% dextrose (2-8m), at 1-4 ml./min for 45 min, had no 
immediate or delayed effect on the salivary Nat: K+. 

5. The salivary Na+:K+ did not rise after the injection of sufficient NaCl 
into Na*-depleted sheep, anaesthetized with cyclopropane during the entire 
experiment, nor did it rise in two experiments on a conscious, Na+-depleted, 
bilaterally adrenalectomized sheep maintained with an increased but constant 
DOCA supplement. 

6. The rapid removal of both adrenal glands from a Na+-depleted “a 
anaesthetized with cyclopropane caused the Na+:K+ of the saliva from the 
stimulated and unstimulated parotid glands to rise 2 hr later. 

7. The measured large increase in the Na+ concentration of the blood 
perfusing the parotid gland, and the time delay of salivary response, indicated 
that the infused Na+ did not act directly upon the parotid gland but elsewhere 
in the body. It is suggested that the salivary effect caused by a sufficiently 
large change in Na+ balance was due to inhibition of secretion of an adrenal 
hormone which influenced the parotid saliva composition. 
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discussion of this work, and Dr J. R. Goding for his assistance with the adrenalectomy experiments. 
The deoxycorticosterone acetate (DOCA) used in these experiments was generously donated by 
Ciba Limited. This work was aided by grants from the National Health and Medical Research 
Council, the Wool Industry Fund of the Commonwealth of Australia, and the Rural Credits 
Fund of the Commonwealth Bank. 


REFERENCES 


“yigpeese & Juwext, P. A. (1956). The distribution of carotid and vertebral blood in the 
and spinal cord of the goat. Quart. J. exp. Physiol. 41, 462-474. 

Se E, (1952). Species differences in adreno-cortical secretion. J. Endocrin. 9, 95-100. 

a “a Frrevson, K. H. (1953). Secretion of the adrenal cortex in the sheep. J. Endocrin. 
1 

Conn, J. W., Louis, L. H., Jomnstonz, M. W. & Jounson, B. J. (1948). The electrolyte content 
of thermal sweat as an index of adrenal cortical function. J. clin. Invest. 27, 529-530. 

Dentow, D. A. (1956). The effect of Na+ depletion on the Na+: K+ ratio of the parotid saliva of the 
sheep. J. Physiol. 181, 516-525. 

Denton, D. A. age The study of sheep with permanent unilateral parotid fistulae. Quart. J. 
exp. Physiol 

Denton, D. A. (19575). The effect of variations in blood on the secretion rate and com- 
position of the parotid saliva in Na*+-depleted sheep. J 185, 227-244. 


| 
.™ 
4 
» 
> 
4 
Mg 
i 
| 


D. A. DENTON AND I. R. McDONALD 
Dewron, D. A., Wren, V., R. & Suwon, 8. Renal 
cellular fluid. Renal physiology btraction. 


regulation of the extra. 
in electrolyte su cta med. scand, 140, Suppl. 261, 
1-202 
Farre.t, G., Ravsonxors, E. W. & Rovon, P. C. (1955). Secretion of aldosterone by the adrenal 
of the dog. Effects of hypophysectomy and A . Amer. J. Physiol. 182, 272. 
J. R. & Dewron, D. A. (1956). and the pesctld sséretion of sodium. 
depleted sheep. Science, 123, 986-987. 


A. (1956). of ipsilateral intracarotid infusion of 
sodium chloride on the — the parotid saliva of the sodium-depleted sheep. 
Nature, Lond., 177, 1035-1 


, G., Roszmerre, E., Uncanr, F. Regulation of the 
secretion of aldosterone-like material. Endocri , 58, 255— 

A. A., Erx-Nus, K., L. T. Tram, (1088). The of ager 
the blood levels and metabolism of 17 man. J. clin. Invest. 38, 
15098-1516. 


Suwpson, 8. A., Tarr, J. F. & Busu, 1. E. wend Secretion of salt-retaining hormone by mam- 

malian adrenal cortex. Lancet, m 

B. & Stack-Downe, M. P. (1955). The wertion of and bythe 
rat adrenal. J. Endocrin. 12, 130-135 


Verney, E. B. (1947). hormone and the which dsbécmine ite release, 
Proc. Roy. Soc. B, 135, 25-106. 


Wynn, V., Smon, 8S., Monn, R. J. H., D, A. (1950), The clinical 
: their estimation by flame 


significance of sodium and potassium analyses of biological fluids 
spectrophotometry. Med. J. Aust. 1, 821-835. 


J. Phy: 


A 
kinds 
(whic! 
| recept 
forma 
depol 
1954; 
are 
recep 
Th 
drugs 
a differ 
(del ¢ 
4 How: 
accot 
4 
tion 
1955 
stabl 

| that 
pola: 
drav 
3 tran 
: orde 
reco 
Nas 
time 

met 


J. Physiol. (1957) 138, 63-80 


A STUDY OF THE ‘DESENSITIZATION’ PRODUCED BY 
ACETYLCHOLINE AT THE MOTOR END-PLATE 


By B. KATZ anp 8. THESLEFF 
From the Department of Biophysics, University College London 
(Received 1 April 1957) 


It has been accepted for many years that acetylcholine (ACh) undergoes two 
kinds of reactions at the motor end-plate: it combines with a receptor molecule 
(which leads to an increase of ion permeability in the end-plate membrane), 
and it combines with a hydrolytic enzyme situated side-by-side with the 
receptor. Both reactions probably proceed in two steps and involve the 
formation of unstable intermediate compounds before the hydrolysis, or the 
depolarizing reaction, occurs (see, for example, Augustinsson, 1948; Ariéns, 
1954; Stephenson, 1956; del Castillo & Katz, 19576). Competitive inhibitors 
are presumed to act by forming a relatively stable compound, either with the 
receptor or with the esterase. 

These simple concepts have helped to explain the action of many end-plate 
drugs, and also to elucidate the apparently complex interactions between 
different depolarizing agents, for example, between ACh and decamethonium 
(del Castillo & Katz, 19576), or ACh and edrophonium (Katz & Thesleff, 1957). 
However, the picture of two simple, parallel events at the end-plate fails to 
account for an important secondary effect of ACh and its depolarizing analogues, 
namely the profound desensitization which develops when the drug concentra- 
tion is maintained for a sufficiently long time. Recent experiments (Thesleff, 
1955) have shown that the neuromuscular block produced by ACh and by its 
stable counterparts (Cy, succinylcholine) is due mainly to desensitization, 
that is, a condition in which the end-plate has become refractory to de- 
polarizing agents, and from which it recovers only slowly after complete with- 
drawal of the drug. It has been suggested that this change arises from gradual 
transformation of the drug-receptor compound into an inactive form. In 
order to obtain some information on the kinetics of desensitization and 
recovery processes, we have used the ionophoretic micromethods described by 
Nastuk (1953) and by del Castillo & Katz (1955a). It seemed possible that the 
time course of the events might come well within the practical range of this 


method, and the results described in this paper have borne out this expectation. 
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METHODS 


The technique has been fully described by del Castillo & Katz (19574). Use was made in most 
experiments of twin micropipettes, with an additional central ‘spacing’ barrel, the two outer 
barrels being filled with a concentrated solution of ACh or of a stable choline derivative. 
Superficial end-plates of the frog sartorius were used, at a temperature of about 20° C. The 
membrane potential of the muscle fibre was recorded by inserting a separate micro-electrode within 
a few hundred microns of the point of drug application. To diminish the risk of twitching, the 
spike threshold was artificially raised in most experiments by using a high calcium concentration 
in the Ringer’s solution (9 mm-CaCl,). Control experiments were made with normal Ringer's 


solution (116 mm-NaCl, 2 mm-KCl, 1-8 mm-CaCl,) and also with phosphate-buffered Ringer's 


solution (about pH 7) which showed that the drug effects were not altered in any obvious way by 
the special composition of the calcium-rich Ringer’s solution. 

The experimental procedure was to move the drug pipette to an effective position at which the 
application of a brief, positive, voltage pulse to the pipette resulted in a transient depolarization 
of rapid time course (cf. del Castillo & Katz, 1955a). Having located such a spot, the sensitivity 
of the receptors was tested by applying a series of brief pulses of constant intensity, repeated every 
1-2 sec, When the responses were found to be sufficiently stable, a ‘conditioning’ dose was added, 
consisting usually of a prolonged steady release of the drug from the other barrel. It was applied 
by closing a switch which reduced the ‘ braking’ voltage on the ‘conditioning’ barrel by a known 
voltage step (of the order of one or a few tenths of a volt). The amplitude of the test-responses 
showed a gradual decline during the steady drug application and recovered after the withdrawal 
of the conditioning dose. Further details and modifications of this method will be described at 
the appropriate places below. 

Compared with more conventional forms of drug application, the present method has a number 
of drawbacks as well as advantages. Complications arise from the localized nature of the applica- 
tion and from uncertainties about absolute and relative quantities discharged by the ionophoretic 
pulses. These difficulties have already been discussed elsewhere (del Castillo & Katz, 19550; 
19574), but they appear with even greater force when one attempts to use the present results for 
@ quantitative kinetic analysis. Unavoidably, receptors at different distances from the pipette 
are subjected to different drug concentrations, and this circumstance, together with the non-linear 
dose-response relation indicated by Fig. 9, makes a proper evaluation of some results very difficult. 
Secondly, the relation between the dose and the applied voltage, or the current flowing through 
the pipette, is bound to deviate from direct proportionality so that even relative amplitudes of 
the doses cannot be stated with any degree of precision. It follows, therefore, that a theoretical 
analysis of the results cannot be taken very far and will have to be restricted mainly to a 
discussion of general trends. : 

On the other hand, the method of local microapplication offers great technical advantages. It is 
very rapid; diffusion times are reduced to a fraction of a second, and much faster events can there- 
fore be studied than before. Moreover, the removal of the drug is automatic, there is no need for 
periods of washing or long rests between successive tests, and many different applications can there- 
fore be made to one receptive area. When the response of a given spot finally deteriorates, it is 
often only necessary to move the drug pipette to another spot on the same end-plate in order to 
repeat or continue the experiment. 


RESULTS 
Fig. 1 illustrates the type of effect investigated in these experiments. The 
records in the upper part were obtained in a preliminary experiment in which 
a single ACh pipette was used for the application of the test pulses as well as of 


the conditioning dose. The records show that the depolarization produced by a 


and ti 


] 
I 
t 
a 
t 
¢ 


draws 

ston 
7 puls 
sam 
The 
dose 


DESENSITIZATION OF END-PLATE RECEPTORS 65 


steady efflux of ACh is not maintained, and that, immediately after the with- 
drawal of the conditioning dose, the effect of the test pulses is greatly reduced 
and then gradually recovers. . 


Fig. 1. Desensitization and recovery of end-plate receptors. Upper part: single ACh-pipette. 
Brief test doses were applied before and after the steady conditioning dose. Currents 
through pipette are registered in lower trace of each recording. (Calibration of monitor trace: 
a and c, voltage scale = 1-2 x 10-* A; d, 3-1 x 10-* A; e, 10-* A; f, 1-6 x 10-* A.) Lower part: 
twin-pipettes were used, test pulses and conditioning currents being passed through separate 


The single pipette technique has certain disadvantages. Test pulses must be 
stopped while the steady ‘brake’ is reduced, because the dose delivered by the 
pulse increases, and may lead to twitching, when the braking current in the 
same pipette is lowered (see del Castillo & Katz, 1955a). In the absence of test 
pulses, however, one has no direct indication of the progress of desensitization. 
The time course of the slow potential change produced by the conditioning 
dose itself does not provide a reliable measure, because it arises from an action 

5 PHYSIO. OXXXVII 


x 
2 
> 
4 
a 
‘ 
‘ 
+ 
* . = 
4 
¢ 
4 
4 
4 


66 B. KATZ AND 8. THESLEFF 


on a more diffuse area, and at a lower average concentration than that affecting — 


the near-by receptors whose recovery is being tested by brief pulses. 

To overcome such difficulties, twin pipettes were used, test and conditioning 
doses being delivered by separate barrels. Examples of double-barrel applica- 
tions are shown in the lower part of Fig. 1. These records give a better indica- 
tion of the onset of desensitization. It is interesting that marked depression 
of the pulse response occurred even with conditioning doses which caused only 
a small steady depolarization, of the order of 1 mV. This was regularly 
observed, provided the drug pipette had been closely applied to a sensitive 
spot. 

Figs. 2 and 3 show examples from two experiments in which conditioning 
doses of varying intensities were applied to a receptor spot. The degree and 
speed of desensitization, as revealed by the test pulses, increase with the dose, 
while the recovery time is not greatly altered. Series of records of this kind 
were obtained in about twenty experiments, and an attempt will be made to 
analyse the relations between dose, final intensity of desensitization, and time 
course of onset and recovery. 

Even with the double-barrel technique it was clear that pulse responses did 
not sum directly with the depolarization produced by the steady dose. With 
weak conditioning currents there was often more than simple addition, the 
pulse response showing @ small initial increase of its amplitude and a slowing 
of its time course. This effect will be examined in some detail below. In spite 
of this complication, there was no real difficulty in measuring the rate at which 
successive pulse responses declined during relatively weak conditioning doses. 

Desensitization started sometimes after a delay of a few seconds, though 
frequently the decline followed an approximately exponential curve from the 
start. The steepest part of the curve was chosen for determining the half-time 
of the process. 

When large ‘tibia doses were applied, the measurement was more 
difficult. This is because test responses superimposed on large depolarizations 
suffer more serious distortion, due to saturation effects of various kinds 
(electrically, the local depolarization is limited in extent (del Castillo & Katz, 
1954; Martin, 1955), chemical saturation of receptors being an additional 
factor). When high-speed records were made of the test responses, it was 
found that during a large ACh-depolarization the pulse potentials were 
not only smaller but considerably slower than normally, and the slowing 
continued to progress during the conditioning period. Immediately after 
withdrawal of the conditioning dose, the test response was shortened in 
time course and further reduced in height before recovery took place. A 
probable explanation of these complicated phenomena is that the shape of the 
test response, superimposed on a large drug dose, is dominated increasingly 
by contributions of more distant receptors which are subjected to a more 
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Fig. 2. Desensitization produced by different conditioning doses of ACh, at a single end-plate 
spot. Strength of dose increases successively from above down. Monitor calibration (10 mV 
scale) = 1-2 x 10-* A. 


Fig. 3. Desensitization by different doses of ACh, from another end-plate. Monitor calibration 
(5 mV scale) =1-4x10-* A. Arrows indicate duration of conditioning dose in top record. 
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moderate concentration, and therefore do not suffer the same degree of. 
saturation or desensitization as the close-range receptors (see also del Castillo 
& Katz, 19554). It is clear in the cases illustrated in Figs. 4 and 5 (lower part) 
that desensitization becomes nearly complete within less than 8 sec, but the 
half-time of the process cannot be derived accurately from the superimposed 
test responses. 

The method adapted | in most experiments was to use superimposed test 
responses only with weak and moderate doses, with which the first test 
response, immediately after the start of the conditioning current, was not 
greatly diminished. With larger doses the time course of desensitization was 
determined by varying the duration of a conditioning dose of given intensity 


Recovery 


Fig. 4, Amplitude of test responses, during and after application of two conditioning doses. 
Initial depolarization produced by conditioning dose was 3-4 mV (O) and 20-7 mV (@). 


and observing the test response immediately after its withdrawal. Records | 
and plotted results are illustrated in Figs. 5 and 6. When the two methods of 
determining the time course were checked against each other, with intermediate 
conditioning doses, reasonable agreement was found. Checks were also made, 
using different, low range, intensities of test pulses with a given conditioning 
dose; these showed no significant difference in the time courses. 

An example of the quantitative information derived in this way is shown in 
Table 1. Although the accuracy of these measurements was low, certain 
features were consistent: 

(i) Desensitization was noticeable with devtibiisibions of the order of 
0-5 mV and became nearly complete with doses which produced depolariza- 
tions of the order of 10 mV. 

(ii) The time course of recovery appeared to be independent of the con- 
ditioning dose or the degree of desensitization. Occasionally, however, and 
especially after prolonged large doses, recovery was slowed or incomplete. 
Even when the initial rate of recovery was high, it often failed to reach com- 
pletion, and there was always a tendency of the test responses to decline 
during successive sets of observations. Whether this was due to a slow second 
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Fig. 5. Alternative method of determining time course of desensitization, by varying the duration 
of a conditioning dose of given strength. Two examples are shown. The development of 
desensitization is seen by the reduction in amplitude of the test response, immediately after 
the end of each conditioning period. In the lower part, the effect of a weaker dose is shown 
for comparison (top record). 


SENSITIZATION OF END-PLATE RECEPTORS 69 4 
a 
) 4 
né 
aC 
5 
ot 
3 
y 
a 
a 
4 
§ 
of ‘ 
if 
- 
4 
i 
f 4 if 
f 
d 
“ 


70 B. KATZ AND 8S. THESLEFF 


component of the recovery process could not be decided with the present 
technique. The average half-time of recovery in these experiments was about 
5 sec. 

(iii) The time course of onset showed an interesting relation to the dose. 
With moderate doses which led to a final desensitization of 20-70 °% , the half- 
time of development was of the same order as, and often slower than, that of 
recovery (¢.g. Fig. le). With large doses, however, which led to nearly complete 
suppression of the response, the rate of development exceeded that of the 
recovery, half-times being of the order of 1-2 sec. 


10 20 
sec 
Fig. 6. Examples of results obtained by the method illustrated in Fig. 5. Ordinates: relative 
amplitude of test response, immediately after a conditioning period. The amplitude was 
measured either directly or, when necessary, by extrapolating the recovery curve to the falling 
edge of the conditioning potential. Abscissae: duration of conditioning dose. Initial de- 
polarization produced by the conditioning doses is shown on the curves. 


Tas_z 1. Effects of varying conditioning doses 


ditioning barrel. 


Initial Reduced amplitude 
tion of test a Half-time 
produced by of onset of Half-time 
desensitization of recovery 
dose (mV) (sec) (seo) 
ca. 0-2 93 
ca. 0-3 75 6-7 ca, 2-4 
ca, 0-6 50 7-2 ca, 2-5 
1-45 22 2-5 
44 ca.- 8 2-4 48 
10 ca. 2 ca, 1-5 ca. 48 
15-6 0 ca. 1 86 
24 0 ca. 0-7 ca. 3-2 
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In addition to acetylcholine, carbachol and succinylcholine were used as 
depolarizing drugs and were found to possess very similar actions, with 
similarly fast time courses of desensitization and recovery. Several experi- 
ments were made on denervated muscles, the nerve having been divided 3—4 
weeks previously. These experiments did not reveal any unusual features; 
critical spots of high drug-sensitivity could be located in the ‘neural’ regions, 
and fast desensitization and recovery effects were observed similar to those in 
normal muscle. 

One of the surprising features was the rapidity with which the desensitiza- 
tion developed and disappeared in these experiments. Before accepting this 
finding, a search had to be made for artifacts which might possibly simulate 
such results. The observations clearly did not depend on any peculiarity of the 
twin-pipette, for substantially the same effects were obtained with single, as 
well as with two separately manipulated, drug pipettes. It was further 
considered whether an undetected local contraction might produce results of 
this kind. This seemed very improbable, but the possibility remained that, 
during very localized depolarization of receptive membrane spots, minute 
movements could occur in this critical region, too small to detect visually and 
yet influencing the sensitivity by altering the distance between receptors and 
pipette. There are several reasons for regarding a movement artifact as 
extremely unlikely and as incapable of eliciting results of the consistency 
observed here. An important point was that very similar results were 
obtained under conditions in which contractility is known to be greatly 
reduced or absent. Thus, in muscles placed in a solution made hypertonic by 
adding about 0-2m-NaCl to the Ringer’s solution, typical desensitization and 
recovery curves were observed, although contractile responses are known to 
be very weak under these conditions (Hodgkin & Horowicz, 1957). Even 
more decisive were experiments made in an isotonic K,S8O, solution (cf. del 
Castillo & Katz, 19555) in which the fibre membrane had been completely 
depolarized. With the help of an additional internal electrode, ‘catelectro- 
tonic’ potentials (inside-positive) were produced, and ACh was then applied 
to the end-plate in the usual way, causing a ‘depolarization’ of the electrotonic 
potential. An example is shown in Fig. 7, which confirms earlier observations 
(del Castillo & Katz, 19555) and also illustrates the fact that desensitization 
still occurs at approximately the same speed as in normal Ringer’s solution. 
These observations were made under conditions, and in a range of membrane 
potentials, well outside those at which a mechanical response can be obtained 
from a frog’s sartorius ew The suggestion of a contraction — can 
therefore be aay dismissed. 
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é phenot 
The non-linear dose-response relation dosé™ 
It was noticed that a test pulse, superimposed at the beginning of a small of the 
conditioning depolarization, produced often more than a simple additive Ar 
effect. Although this phenomenon was not very conspicuous, it seemed of — partial 
considerable interest. We thought at first that it might have arisen from an not al 
artifact, namely, possible electric leakage between the two barrels, in spite of in whi 
the use of an intermediate ‘spacing’ tube (see del Castillo & Katz, 1957). To parati 
eliminate this possibility altogether, the experiments were repeated with two exam] 


separate pipettes, and even then the effect could still be obtained. It appears 
then that a steady small dose of ACh can in some way facilitate the action of a 
superimposed ACh-pulse, or in other words that the relation between dose and /} 
depolarization has an ‘S-shaped’ rather than linear start. This cannot be 
explained by the excitatory properties of the fibre membrane, for the pheno- 
menon was observed with potential changes well below the range in which the 
non-linear effect of a local response becomes conspicuous; moreover, the 
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Fig. 7. ACh-desensitization and recovery, observed in isotonic K,SO,. The membrane potent! lines 

had initially been displaced electrotonically, from near zero to about 15 mV, inside positive. of th 
At the end of the bottom record, the electrotonic current is withdrawn. In this figure, ACh use 

responses are ‘inverted’, because the membrane potential is of opposite direction to that in sepa 


the other experiments. Conditioning doses of three intensities are used, causing the usv.l line 
effects. The conditioning period in the top record is indicated by arrows. Monitor calibration P 
(5 mV scale) =1-1 x 10-7 A. = 
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phenomenon was most noticeable at the time of withdrawal of a conditioning 
dose when the depolarizations were considerably smaller than at the beginning 
of the dose. 

A more-than-linear summation of this kind might conceivably be due to 
partial saturation of cholinesterase activity by the steady dose, but this was 
not @ likely explanation because the phenomenon was still seen in experiments 
in which carbachol was used (with two separate pipettes), and after the pre- 
paration had been treated with neostigmine 3x 10-*. Particularly clear-cut 
examples of this kind are shown in Fig. 8. 


Fig. 8. Effect of adding steady and pulsatile doses of carbachol. Two separate drug pipettes. 
Neostigmine methyleulphate 3 x 10-*. In each record, two successive traces were obtained, 
with and without a steady drug depolarization produced by steady release of carbachol from 
one pipette. In the right half of the figure, the upper pair of traces was observed during 
initial application of the steady dose, the lower pair during ite withdrawal. Monitor calibra- 
tion (left 5 mV scale) =7-3 x 10-* A for all records. 


Further evidence was sought by examining the relation between the 
strength of a carbachol pulse and the amplitude of the depolarization produced 
by it. This cannot be done with a single drug pipette because departures from 
linearity might then be ascribed to the properties of the pipette and to variation 
of the transport number with the intensity of the pulse. Our procedure was to 
use a twin-pipette and apply approximately equal doses from each barrel, 
separately and simultaneously. Starting with very small doses, the dose- 
response relation was traced in increasing steps. The observed relation had 
an ‘S shaped’ rather than linear start, there being more than addition of 
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effects for small pulses, and less than linear summation for large pulses — 


(Fig. 9). The shape of the relation cannot be explained by subthreshold 
membrane excitation, for this would cause an upward curvature near —— 
at depolarizations of more than 30 mV. 


mV 


10 


noe 2 3 4 
Dose. rel. units 


Fig. 9. Dose-response relation, obtained by an ‘increment’ method, using brief pulses from a twin 
carbachol pipette. Starting with a very small depolarization from one pipette (lowest plot), 
approximately the same dose (producing approximately the same depolarization) was 
applied by the other pipette. The response to combined application was plotted, as ordinate, 
against the sum of the single responses (abscissa). The procedure was then repeated with 
larger doses, each time choosing a step which was within the already determined portion of 
the dose-response relation. In this way, the relation was traced up to a depolarization of 
24 mV, and followed by a reverse series. The 45° line corresponds to linear addition of effects. 


DISCUSSION 
The desensitization effects described in this paper are qualitatively similar to 
those previously obtained with the more usual methods of drug application, 
but differ quantitatively, especially in their time scale. Both onset and re- 
covery are fast compared with the time courses observed before, and it is 
indeed one of the advantages of the ionophoretic method that it is capable of 
following events of such rapidity. It has been shown by Fatt (1950) that the 
rate of development of the desensitization process increases markedly with 
the drug concentration, and one might therefore suppose that the localized 
concentration attained with the ionophoretic technique is higher than usually 
employed with bulk applications of ACh, even though the resulting membrane 
depolarization in our experiments was less. The value of the depolarization is 
of little use in estimating the drug concentration, for with highly localized 
application a given potential change of the fibre membrane may arise either 
from a low drug concentration acting over a wide area, or from a high con- 
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centration acting on a small area of receptors. It is, however, of interest that 
appreciable desensitizations were obtained with doses which produced little 
more than 0-5 mV initial depolarizing effect, that is, a potential change of the 
same order as the amplitude of a brief miniature e.p.p. There is good evidence 
for the view that a miniature e.p.p. results from the most localized form of 
‘ACh-application’ which can possibly be achieved, and one may therefore 
conclude that the ACh concentrations which were used in some of our desensiti- 
zation experiments were not outside the range of concentrations which occur 
normally. The ‘unphysiological’ feature in our experiments is, of course, the 
prolonged maintenance of the ACh concentration, for seconds rather than 
milliseconds. 

While the rapid onset of desensitization might be attributed to the attain- 
ment of high local drug concentrations, the fast time course of recovery 
cannot be explained in this way. It may be that with the usual prolonged 
‘bulk’ application protracted diffusion, into and from the deeper layers of the 
tissue, slows the recovery of superficial end-plate receptors and disguises the 
existence of a fast component. On the other hand, our present method while 
capable of revealing a fast phase of recovery, is unsuitable for the detection 
of very slow changes (with a time scale of minutes rather than seconds), which 
might be disguised by a minute drift of the pipette location. It is possible, 
therefore, that the present experiments merely disclose a fast phase of 
the recovery process which is complementary to the results of previous 
work. 

Ideas about the mechanism of desensitization are at present bound to remain 
speculative. Nevertheless, it is of interest to try certain simple hypotheses 
and see whether they can be fitted to the observations. Del Castillo & Katz 
(19576) had put forward the following working hypothesis: 


ACh+R — AChR AChR’ ACh+R’, (1) 
depolar- desensiti- 
ization zation 


where R is the receptor molecule in its initial, reactive, form. Reaction (1) is 
& postulated intermediate step which precedes the ‘depolarizing’ reaction (2). 
We are not, at present, concerned with the evidence bearing on the existence 
of the intermediate compound, and for simplicity the depolarizing reaction 
will be treated as a single reversible process, of sufficient speed to be at equili- 
brium during the relatively slow desensitization. Del Castillo & Katz suggested 
that desensitization results from gradual transformation of the receptor into 
@ non-reactive form R’ which reverts slowly to R after the withdrawal 
of the drug. This is one of several simple hypotheses which may be put 
forward. 

The following alternative schemes have also been considered (symbols: 8, 
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conditioning drug concentration; A, free receptors; SA, ‘effective’ aregil 
receptor compound; SB, ‘refractory’ compound). 


(3) 


These schemes represent two successive (2), or simultaneous (3) reactions, a 


depolarizing reaction which reaches equilibrium very rapidly, and a desensi- 


tizing reaction which proceeds much more slowly. 


These hypotheses lead to certain common predictions, namely that the final degree of desensiti- 
zation J is given by an equation of the type 


and ite development and decay follow exponential time courses with rate constant 


k, being the forward, k, the reverse rate constant of the desensitizing step; a being the affinity 
constant of the fast depolarizing step. For the case of two parallel reactions ((3) above), &, should 
be replaced by k,/a. 


The significant result is that on these hypotheses, the onset of desensitization 
(when § is finite) must always be faster than the recovery (when S=0), and 
that complete, or nearly complete, desensitization would occur only when the 
rate of onset is infinitely, or very much, faster than that of recovery. For 50% 
desensitization, the rate of development should be twice that of the recovery. 

These predictions are clearly at variance with what has been consistently 
observed. Half-desensitization was found to develop at a rate about equal to, 
or lower than, that of the subsequent recovery. At doses which produced 
nearly complete desensitization, the onset was usually faster, but not more than 
five times faster, than recovery. These schemes, therefore, cannot be accepted 
as suitable working hypotheses. What is apparently needed is a reaction in 
which the recovery process, from B to A, is slowed by the presence of the drug. 

A scheme which will fit the results reasonably well is the following 


S+A=——=SA 


(fast) 
(slow) ‘| (slow) (4) 
S+B<— 

(fast) 


where a and } are affinity constants. 
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On this hypothesis, the receptor can exist in two forms, effective (A) and 
refractory (B). The drug combines rapidly and reversibly with both forms, 
but the combined receptor is transformed irreversibly from A to B with rate 
constant k,, while the free receptor reverts to form A with rate constant k,. 
(A system of this kind would require energy supply in order to be maintained 
in a steady state: e.g. if the change from SA to SB involves degrada- 
tion of energy, a metabolic ‘drive’ would be needed for the recovery 
reaction. ) 

On this hypothesis, desensitization J is given by 


and the exponential rate constant by 


1_ 

We found that the observed results can be fitted moderately well if the 
affinity of the drug to receptor B is much higher than to receptor A. In this 
case, a dose may produce relatively little depolarization and yet lead to a 
profound desensitization; moreover, the rate of onset may be low compared 
to the rate of recovery when the drug has been completely removed. 

We have at present no means for a rigorous quantitative test, because the 
values of S are not known. If one makes the oversimplifying assumption that 
the initial depolarization produced by the conditioning dose is proportional 
to S, then the average result, from an analysis of 19 experiments, was: 
b/a (ratio of affinity constants) = 20 (varying between 5 and 100); 1/k, = 1-4 sec 
(half-time 1 sec, varying between 0-5 and 2 sec); 1/k,=7 sec (half-time 
5 sec, varying between 2 and 7 sec). Examples are shown in Figs. 10 
and 11, 

It may be preferable to choose a reversible version of hypothesis (4), one 
which allows the attainment of thermodynamic equilibrium. The scheme 
would then be as follows: 


(tast) 
ky || (slow) (5) 


S+B==>S8SB 


itast) 
Equilibration requires that 


a 


q 
1 + 
= 
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Desensitization J would be given by 
1 
I= 
a8) 
k, (1+68) 


and the over-all rate constant by 


r 1+a8 


Our data do not allow us to discriminate between hypotheses (4) and (5). 


The last scheme can also be fitted reasonably well, with k,>k,, b>a, and 
100¢ 


% SOF 


1 
| 5 10 
snV, initial conditioning depolarization 


Fig. 10. Relation between final desensitization and initial depolarization produced by varying 
conditioning doses. Ordinates: amplitude of ‘desensitized’ test as % of normal 
responses. The curve was calculated from hypothesis (4), with b/a=10, 1/k,=0-7 sec, 

1/k, =4-2 sec, and aS <1 for 12-5 mV. 


5 10 15 20 25 
mV, initial conditioning depolarization 


Fig. 11. Relation between half-time of onset of desensitization and initial depolarization produced 
by varying conditioning doses. This was an exceptionally ‘good’ result: usually the half-time 
values were scattered to a much greater extent. The curve was calculated from hypothesis (4), 
with b/a =86, 1/k, =0-7 sec, 1/k, 5-2 sec, and aS «1 for 17-1 mV. 
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b/a > ky/k,. An interesting feature of hypothesis (5) is that the free receptors 
are distributed, even in the absence of a drug, between states A and B, that is 
a proportion of receptors is present in a refractory form, and on account of 
its very high affinity (b/a>1) will preferentially absorb small quantities of 
applied ACh. 3 

To sum up, schemes of the type (4) and (5) may be regarded as possible 
working hypotheses. Although the available results are not accurate enough 
to provide a secure basis for a kinetic theory, they do at least allow us to 
reject certain types of hypothesis such as (1) to (3). 

Some further comment is required on the finding of an ‘S-shaped’ dose-effect 
relation (Fig. 9), and the observation that a small steady dose may facilitate 
the action of an added pulse of the drug. An S-shaped relation could be the 
result of a reaction in which two (or more) drug molecules become attached 
to a receptor molécule, and the efficacy of the compound increases with the 
number of attachments. 

Another possible explanation arises from scheme (5). The reaction between 
drug and receptor takes place presumably in the post-junctional folds of the 
muscle membrane (Couteaux, 1955; Robertson, 1956) whose lumen is not more 
than a few hundred Angstrom units wide and which appear to be lined with 
receptor and esterase molecules. Applied drugs must diffuse into these spaces 
and react there with the surface receptors. If there are a large number of 
B-type receptors, of high affinity to the drug, but no depolarizing power, then 
the effect of a small dose would be mainly to occupy and partially to saturate 
these sites. If a second dose is added, a smaller fraction of the drug molecules 
would be absorbed by sites B, and therefore a larger fraction become available 
for the depolarizing action, than if this dose had been given alone. 

Whatever the cause of this ‘facilitation’, it differs from the more conspicuous 
effect which certain choline derivatives produce when they are allowed to 
interact with ACh (del Castillo & Katz, 19576). In these cases there was 
evidence for a specific interference with the enzymic destruction of ACh, because 
the potentiation was abolished and reversed by pre-treating the muscle with 
an esterase inhibitor, or by using stable depolarizers (carbachol or succinyl- 
choline) instead of ACh. 

SUMMARY 

1. Ionophoretic microapplication has been used to study the desensitization 
which depolarizing drugs produce at the motor end-plate. Steady ‘con- 
ditioning’ and brief ‘test’ doses of a drug were applied, from the two barrels 
of a twin-pipette, to sensitive end-plate spots of the frog. 

2. When a relatively small dose of acetylcholine, producing a depolariza- 
ticn of 0-6-1 mV, is maintained for 10-20 sec, an appreciable loss of sensitivity 
occurs (sometimes exceeding 50%). Conditioning doses which produce an 
initial depolarization of 10-20 mV can cause nearly complete desensitization 
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of local receptors within a few seconds. After withdrawal of the dose, the 
sensitivity starts to recover with a half-time of the order of 5 sec. 

3. The variations in intensity and time course of the desensitizing process 
have been examined with different doses, different depolarizing drugs (acetyl- 
choline, carbachol, succinylcholine) and in different ionic environments 
(Ringer’s solution, isotonic K,80,). 

4. The kinetics of the process have been discussed assuming that thereceptor 
molecules can change from an ‘effective’ to a ‘refractory’ state. 

5. The dose-effect relation has been examined for small depolarizations 
produced by ionophoretically applied drug pulses. It is found to have an 
S-shaped, rather than linear, start. 


We are indebted to Mr J. L. Parkinson for his unfailing help, and to the Nuffield Foundation 
for financial assistance. One of us (8.T.) was in receipt of a Travel Grant from the Swedish 
Medical Research Council. 
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THE OUTPUT OF SYMPATHETIC TRANSMITTER 
FROM THE SPLEEN OF THE CAT 


By G. L. BROWN anv J. 8. GILLESPIE* 
From the Department of Physiology, University College London 
(Received 9 April 1957) 


The recorded action potential of mammalian C fibres can be increased by 
appropriate repetitive stimulation of the nerve (Brown & Holmes, 1956). This 
potentiation was attributed by Brown & Holmes to an increase in the action 
potentials of individual nerve fibres. Recent work by Ritchie & Straub (1956) 
has, however, suggested that summation of negative after-potentials of the 
individual fibre responses may be responsible for a large part of the pheno- 
menon. There are many examples of ‘post-tetanic’ facilitation in peripheral 
tissues (cf. Hutter, 1952), and the responses of many tissues to nerve stimula- 
tion are dependent upon the frequency of the nerve impulses incident upon 
them (cf. Garry & Gillespie, 1955). Many of these phenomena could be 
explained if it were assumed that the amount of transmitter liberated peri- 
pherally were related to the size of the impulse reaching the terminals of the 
nerve. If this assumption were correct then conditions which cause an in- 
crease in action potential should cause a corresponding increase in the output 
of transmitter. 

We accordingly turned our attention to the possibility of measuring the 
output of sympathin from an organ supplied by post-ganglionic sympathetic 
nerve fibres of the type showing the phenomenon of post-tetanic enhancement. 
Our preliminary experiments showed that some tissues previously reported as 
giving measurable outputs of sympathin, the rabbit’s ear, the colon of the cat 
and of the rabbit, did not yield enough for quantitative analysis under the 
rigorous conditions necessary for our experiments. In the end, the spleen of 
the cat was found consistently to yield in its venous outflow amounts of 
sympathin large enough for accurate assay. Although our original intention 
was to investigate the effects of post-tetanic enhancement of action potential 
on the output of sympathetic transmitter, the experiments yielded information 
of such interest on the metabolism of the transmitter as to justify detailed 
inv 
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In this paper we show the relationship between the output of sympathetic 
transmitter and the frequency of stimulation of the splenic nerves. The amount 
of transmitter in the venous blood is not affected by treating the tissue with 
substances inhibiting monoamine oxidase. The output of transmitter is, how- 
ever, greatly increased by inactivation of the tissue receptors with substances 
like dibenzyl-8-chloroethylamine (dibenamine). It would appear that the 
most important factor in the disappearance of the sympathetic transmitter 
after liberation is its utilization at the receptors upon which it acts. 

A preliminary account of this work has already appeared (Brown & Gillespie, 
1956). 


METHODS 


The method, in outline, consisted of stimulating the splenic nerves using a predetermined number 
of stimuli, collecting the venous blood from the organ and assaying its content of sympathin as 
noradrenaline on the blood pressure of the pithed rat. The final result was expressed as the output 
of sympathin in nanogram (10-* g) per stimulus. 

Cats were anaesthetized with chloralose; the abdomen was opened in the mid line, and the 
intestines were removed from the mid duodenum to the terminal colon. In removing the intestines 
the superior mesenteric vein was cleaned as far as its junction with the splenic vein and cut 
between ligatures, leaving a stump of sufficient length for subsequent cannulation. The splenic 
nerves were dissected from the splenic artery and tied but not cut. The vascular connexions 
between the spleen and the stomach and omentum were tied and cut; the omentum was removed. 
Both splanchnic major nerves were cut to prevent escaping current stimulating them and possibly 
causing & reflex liberation of sympathin from some region other than the spleen. Both adrenal 
glands were removed. A ligature was placed round the portal vein just beyond the junction of 
the splenic and superior mesenteric veins but proximal to the entry of the left gastric vein; the 
cat was heparinized. The stump of the superior mesenteric vein was cannulated with a polythene 
cannula, the tip of the cannula lying just proximal to the entrance of the splenic vein. The freed 
bundle of splenic nerves was slipped on to shielded platinum electrodes. The nerves were stimulated 
with rectangular electrical pulses of 20 V/0-5 msec so arranged that the cathode was peripheral. 
Previous experiments had shown that such a voltage was several times that required to produce 
® maximal compound action potential in these fibres. Since we were interested in the influence of 
the frequency ef stimulation on the output of sympathin, the total number of stimuli was kept 
constant. In all experiments 200 stimuli were used irrespective of their frequency. Periods of 
stimulation were repeated at regular 10 min intervals, the first of these was used to empty the 
spleen without collecting a sample. The abdomen was filled with warm paraffin agitated by bubbling 
through it a mixture of 95% 0,+5% CO,. 

The vascular supply of the spleen, the position of the collecting cannula and the stimulating 
electrodes are shown in Fig. 1. By pulling on the loose ligature round the portal vein the venous 
outflow from the spleen could be diverted to the polythene cannula. This blood was collected in 
chilled, silicone-coated, calibrated centrifuge tubes containing solid heparin (5 mg to a 10 ml. tube). 
These precautions (suggested by Gaddum, Peart & Vogt, 1949) prevented the development of 
vasopressor activity unrelated to sympathin in the blood. Blood was collected for the period of 
nerve stimulation plus the first 20 sec of the post-stimulatory period. This standard collection 
period was based on experiments, to be detailed later, which showed that over 80% of the sym- 
pathin coming from the organ was collected within such a period. More prolonged collection had 
the double disadvantage of bleeding the animal unnecessarily and of diluting the activity of the 
plasma. Immediately samples were collected their volumes were noted, the plasma and cells 
were separated by centrifugation and the volume of plasma was measured. A sample of plasma 
was removed, avoiding the region of the buffy coat; this separated plasma was kept on ice until 
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assayed. Under these conditions sympathin was relatively stable. The activity of a sample of 
plasma, assayed immediately and again some 2 hr later, was unchanged. The loss of sympathin 
from the plasma to the red blood cells was also negligible. This was checked by taking plasma to 
which noradrenaline had been added and mixing it with red blood cells. The decline in activity of 
the plasma was followed for 1 hr. The loss of activity within the first 20 min was barely detectable. 
In some experiments noradrenaline was injected into the arterial blood going to the spleen. 
For this purpose the central stump of the superior mesenteric artery was cannulated, with the 
cannula directed towards the aorta. An occlusion ligature was placed round the aorta immediately 
below the superior mesenteric artery. All major branches of the coeliac axis were tied with the 
exception of the splenic artery. With the aorta occluded below the superior mesenteric artery, 
noradrenaline was injected and was carried in the blood stream to the spleen. To prevent the 
liberation by saline of vasoactive polypeptides from the blood plasma (Schachter, 1956) the 
noradrenaline (1-10yug) was made up in 0-5 ml. of fresh plasma from the same cat. 


isolated. The position of the stimulating electrodes on the splenic nerves, and the arrangement 
whereby the venous blood can be diverted from the portal vein to the polythene collecting 
cannula, are also shown. 


Two adrenergic blocking ts were used. NN-Dibenzyl-f-chloroethylamine (dibenamine) 
and the related N-ph y srt wer N-benzyl- 8-chloroethylamine (dibenzyline, dibenyline). The 
effect of dibenamine is slow in onset and development so that it was given intravenously in doses 
of 20-80 mg/kg 20 hr before the experiment proper. Using this drug it was not possible to 
compare the output of sympathin before and after blocking the receptors, but only to compare the 
output in a cat which had been given dibenamine, with the average output in untreated enimels. 
Dibenzyline acts in a way similar to dibenamine, but its effect comes on more rapidly. With this 
drug it was therefore possible, in the same animal, to determine the output both before and after 
inactivating the receptors. The dose of dibenzyline used was 5-20 mg/kg, usually 10 mg/kg. With 
neither drug was any difficulty experienced from the blocking agent being carried over in the cat 
plasma to the rat and there interfering with the assay, either by reducing the sensitivity to nor- 
adrenaline or itself having a vasopressor effect. 

The rate used in the assay were in the weight range 180-240 g. They were given atropine0-5 mg 
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brain and spinal cord destroyed by running a skewer through one orbit and down the vertebral 
canal. The animal was immediately artificially respired with a small pump. The temperature was 
maintained at 30°C by means of a heating lamp operated by a thermistor in the rectum. The 
left femoral vein was cannulated, the animal heparinized and the arterial blood pressure was 
recorded from the right carotid artery. The cannula in the left femoral vein was attached with soft 
rubber tubing to a 1-0 ml. burette filled with saline. This was used to wash in drugs or plasma 
samples injected into the rubber tubing. The total volume injected was adjusted to 0-3 ml. In 
assaying plasma it was found important not to dilute the plasma if its activity was high, otherwise 


the vasopressor activity increased and was prolonged. The blood pressure of the pithed rat was _ 


50-55 mm Hg, and it responded to as little as 0-5 ng of noradrenaline. 

In some experiments the adrenaline and noradrenaline were extracted from the pl d 
by paper chocemtopraphy and assayed. The method used was similar to that described by Vogt 
(1952). The d luted from the chromatogram was assayed on the pithed rat’s blood pres- 
- sure, the adrenaline on the rat’s uterus stimulated with carbachol (Gaddum & Lembeck, 1949). In 
each experiment a sample of plasma, to which adrenaline 10 ng/ml. and noradrenaline 20 ng/ml. 
had been added, was subjected to the same process of extraction and chromatographic separation 
of the amines as the stimul les. This allowed some estimate of the losses in these processes. 


= 


RESULTS 


The appearance of sympathin on stimulating the splenic nerves 
Venous blood from the spleen collected before stimulation of the splenic 
nerves had little or no vasopressor activity. The organ, in the absence of any 
constrictor nerve discharge, was engorged with blood; stimulation of the 
splenic nerves caused a contraction of the capsular smooth muscle with a 
sudden increase in the venous outflow. This increase was due to the expulsion 
of blood, mainly red cells, stored in the spleen and was accompanied by a rise 
in the cell/plasma ratio. The blood flow then diminished but with a train of 
stimulating pulses as short as 200 the flow did not cease. After stimulation 
the flow remained slow for some time and then gradually returned to the pre- 
stimulatory rate. With stimulation a vasopressor substance appeared in the 
venous blood from the spleen. Previous qualitative work has shown that this 
is mainly, if not entirely, noradrenaline (Peart, 1949; Mann & West, 1950). 
This we have confirmed by chromatographic separation and separate assay of 
the two amines; only noradrenaline could be identified. 


Effect of the frequency of stimulation on output 

The results of all our experiments on the effect of frequency of stimulation 
on the output of noradrenaline in the venous blood are summarized in Fig. 2. 

It is clear that there is a considerable variation in the output according to 
the frequency of stimulation. At frequencies below 10/sec no sympathin 
could be detected in the venous blood. At 10/sec the output was usually just 
sufficient to make an assay possible. This was not, of course, the lowest fre- 
quency capable of causing splenic contraction; much lower frequencies were 
still effective (cf. Celander, 1954). As the frequency of stimulation increased 
above 10/sec so the output of noradrenaline increased to reach a maximum at 
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Fig. 2. The average output/stimulus of noradrenaline in the splenic venous blood of the cat after 
stimulation of the splenic nerves plotted against the frequency of stimulation. The vertical 
lines are the standard errors of the mean. The average plasma volume of the samples at each 
frequency is shown in the table. 


about 30/sec, thereafter declining so that at 300/sec there was little detectable. 
The number of observations above 50/sec was limited, and attention was con- 
centrated on the rising part of the curve between 10 and 30/sec. The difference 
in output between 30 and 50/sec may be a little exaggerated because more of 
the observations at 50/sec were in earlier experiments with a possibly less 
refined technique. Direct comparison in the same experiment between 30 and 
50/sec showed little difference between the two, the output at 30/sec being 
slightly greater. The important point in Fig. 2, the great difference in the out- 
put between 10 and 30/sec, was repeatedly confirmed in direct comparison 
between the two frequencies in the same animal. An illustrative assay from 
one such experiment is shown in Fig. 3. 

In comparing the output of noradrenaline at different frequencies of stimula- 
tion certain practical difficulties were encountered. The first of these was that 
repeated sampling of splenic venous blood in the same animal was not possible 
because of exsanguination. Attempts to prevent this by returning the spun 
red cells resuspended in isotonic saline solution led to a rise in the vasopressor 
activity of the control plasma. Restoring the blood volume with dextran was 
found to interfere with the rat assay, a finding consistent with the known 
toxicity of dextran for the albino rat (Briot & Halpern, 1952). After the first 
two or three experiments it was clear that the most effective frequency of 
stimulation was in the region 30/sec. In subsequent experiments, therefore, 
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the output at 30/sec was used as a standard against which to gauge the On ¢ 

effectiveness of other frequencies of stimulation. In practice, the frequency take st 

under investigation was bracketed by a period of stimulation at 30/sec. By similat 

this rather cumbersome method it was possible to compare the effectiveness of in out] 
various frequencies of stimulation. 
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Fig. 3. Assay on the pithed rat’s s.r. of plasma from the splenic venous blood (P) of a cat after 
stimulation of the splenic nerves at 30 and 10/sec. The volume of each injection of plasma 
is given in ml. Samples were collected during stimulation and in successive periods after ] 
stimulation. At 30/sec the response to plasma of each period is much greater than the corre- 
sponding response at 10/sec even though only half the volume of plasma is injected. In the 
final specimen the activity at both frequencies has almost returned to that of the control 
amount is shown in ng. Time marker, 30 sec. 
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On occasions, however, the blood pressure did remain high enough for us to 
take sufficient samples to construct in one animal an output : frequency curve 
similar to that of Fig. 2. Such a curve is shown in Fig. 4; the same variation 
in output/stimulus is present, with a peak at 30/sec. 


Effect on output of the plasma volume of the venous sample 

A second, and potentially more serious, difficulty arose out of experiments 
in which the output was measured in successive similar periods of stimulation, 
the object being to determine whether identical amounts of noradrenaline 
appeared. The splenic nerves were stimulated every 10 min with 200 stimuli 
at a set frequency. No blood was collected during the first period of stimula- 
tion, which was used only to empty the spleen. Samples were collected in each 
of the subsequent periods of stimulation, and the total output of noradrenaline 


TaBLE 1, Relation between the output of noradrenaline from the splenic nerves of the cat and 
the plasma volume of the sample. Results from two experiments are shown. In the first the 
plasma volume of successive samples is constant and the output/stimulus is constant. In the 
second the plasma volume varies and the output/stimulus varies similarly. In neither is the 
output related to the whole blood volume of the samples 


Freq./sec of 200 Blood vol. Plasma vol. Output/stimulus 

stimuli (ml.) (ml.) (Pg) 

Expt. 1 
20 6-2 15 210 
20 4-5 1-6 220 
20 3-9 15 245 

Expt. 2 
30 12-5 41 1790 
30 3-8 1470 
30 5-3 1-4 360 
30 4-2 18 820 


was determined in each sample. At first it seemed that reproducible outputs 
could not be obtained. As more experiments were done it became clear that 
the variations in output accompanied similar variations in the plasma volume 
of the samples. Because of the progressive and unavoidable exsanguination 
of the cat these volumes usually fell. When this happened the output also 
invariably declined; in those experiments, however, in which successive 
samples of equal volume were obtained the outputs of noradrenaline were 
always equal within the limits of assay. On the rare occasions in which the 
volume of the sample rose the output correspondingly increased. Table 1 
shows this dependence of output on the volume of the sample in two typical 
experiments out of twelve. A point of interest also brought out in this table 
is the lack of correlation between the whole blood volume of the sample and 
the output of noradrenaline. In each sample the animal lost proportionately 
more cells than plasma so that successive samples usually showed a fall in 
blood volume associated with a fall in the haematocrit. These changes were not 
necessarily reflected in any change in plasma volume. 
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This variation of output with the volume of the sample might have introduced 
@ serious error into our curve of variation in output with the frequency of 
stimulation (Fig. 2) if the volumes of the samples at the higher frequency were 
consistently greater than at the low. That this could not completely explain 
the variation with frequency was clear from experiments in which frequencies 
of 10 and 30/sec produced samples of equal plasma volume but still differing 
greatly in their noradrenaline content. To reduce the error to the minimum in 
constructing the curve of Fig. 2, we excluded samples with a plasma volume 
less than 1 ml. since experience had shown us that below this volume the output 
was greatly reduced. The average volumes of plasma in Fig. 2 are similar and 
it therefore appears most unlikely that the shape of Fig. 2 was influenced by 
variations in plasma volume. 


The duration of collection of samples 


Once it had been shown that a variation in the output with the frequency of 
the nerve impulses did exist, various possible explanations had to be in- 
vestigated. The first of these was the time factor of liberation. At low fre- 
quencies liberation of the transmitter took place over a longer period. It was 
possible therefore that the fraction of the total output collected was less at 
these low frequencies. The rate and duration of the output of noradrenaline at 
the critical frequencies of 10 and 30/sec was therefore studied. Four separate 
consecutive blood samples were collected during and after the stimulation 
period, the duration of each collection depending on the rate of flow. The con- 
centration of noradrenaline in each sample was then assayed and the total 
output in each period was estimated. The results of one experiment are shown 
as a histogram in Fig. 5. The assay from this same experiment is illustrated in 
Fig. 3. At 30/sec the output is of course faster during stimulation but at both 
frequencies it is practically complete within 20 sec of the end of stimulation. 
Two other interesting points emerged from these experiments: first, that the 
haemoconcentration was maximal not during the stimulation period but 
immediately after it—very high haematocrit values, up to double the control, 
were found. The second was that the concentration of noradrenaline was also 
maximal in the first post-stimulatory period although the total output was 
less. This point is brought out in Fig. 3. Whether this high concentration (up 
to 500 ng/ml. plasma) was responsible for the reduced blood flow and high 
haematocrit, or was the consequence of it, cannot be stated. On the basis of 
these experiments, the duration of collection in all experiments was fixed as 
the period of stimulation, together with the svvsequent 20 sec. 

These experiments showed that the variations of output with frequency 
could not be explained on the grounds of incomplete collection of the trans- 
mitter liberated at low frequencies. 


: Fig. 5. 
af 
ah 
An 
the ¢ 
liber: 
the r 
trans 
prot 
vesti 
J outp 
azid 
in th 
4 resu 
alloy 
was 
freq 
Mar 


400 1940 pg 0- 240 pg 

350 

300 30~ 

250 

200 »- 


Output (gx 107°/20 sec) 


4 8 120 10 0 4 120 
Time (sec) 
Fig. 5. Histogram of the output with time of noradrenaline in the splenicjvenous blood of a cat 
after stimulation of the splenic nerves at 30 and 10/sec. The period of nerve stimulation is 


shown as a solid rectangle on the time scale. There is a ten times difference in the ordinate 
scale at the two frequencies. 


Effect of amine oxidase 

Another possible explanation of the output: frequency relationship was that 
the destruction of the amine by monoamine oxidase varied with its rate of 
liberation. At high frequencies the rate of noradrenaline release might exceed 
the maximum rate at which amine oxidase could destroy it. The accumulating 
transmitter would then spill over into the blood stream where it would be 
protected from destruction (Bain & Batty, 1956). This possibility was in- 
vestigated by studying the effect of an inhibitor of monoamine oxidase on the 
output of sympathin at 10 and 30/sec. isoNicotinylisopropyl hydrazine (iproni- 
azid, Marsilid, Roche Products) was given intravenously in amounts known to 
inhibit monoamine oxidase (Corne & Graham, 1957). No difference was found 
in the output of noradrenaline before and after Marsilid at either frequency. The 
results of one experiment are shown in Fig. 6 and Table 2. Table 2 shows that 
allowing for the differences in plasma volume the calculated output/stimulus 
was unchanged. Table 2 also shows the results of another experiment using a 
frequency of 10/sec to stimulate the nerves and following the effects of 
Marsilid for a longer period. Again the output was unaffected. 
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Fig. 6. Assay on the rat 3.P. of plasma from the splenic venous blood of a cat. §1 is 0-2 ml. of 
plasma before stimulation of the splenic nerves; 82, 83 and S84, 0-1 ml. of plasma after 
stimulating the splenic nerves at 30/sec. Between 82 and 83 Marsilid 10 mg/kg was given to 
the cat to inhibit monoamine oxidase. The slight increase in the activity of the piasma after 
Marsilid is entirely due to the decrease in volume of the samples (shown in ml. above each 
response). The similarity between the response to plasma containing sympathin and to 
noradrenaline (18 ng) is shown. Time marker, 30 sec. 


Tazte 2, The effect of an anti-amine oxidase (Marsilid) on the output of noradrenaline. The 
output is unaltered after this drug both at 10/sec when the output is low and at 30/sec when 


it is | 
Output/stimulus Output/stimulus after Marsilid 
before (Pg) 
Marsilid “~ 
Expt. Freq./sec (pg) 10 min 20 min 30 min 100 min 
1 30 1370 1375 1130 
2 10 195 _ 155 . 135 190 


The ratio of adrenaline to noradrenaline 

In the experiments so far described we have assumed that the different 
vasopressor activity, measured on the rat blood pressure, did reflect a corre- 
sponding difference in the total amount of sympathin in the plasma. The same 
apparent variations might however have been due to a difference in the pro- 
portions of noradrenaline and adrenaline, since noradrenaline is a more 
effective pressor agent. To fit the observed variations the noradrenaline would 
have had to be present in higher proportion at the higher frequencies of 
stimulation. If noradrenaline is a precursor of adrenaline then it is feasible 
that with a higher frequency of stimulation the rate of liberation might exceed 
the maximum rate of methylation; Rapela (1956), for instance, measured the 
liberation of adrenaline and noradrenaline from the adrenals stimulated via 
the splanchnic nerve and found the percentage of noradrenaline increased 
with increasing frequencies of stimulation to reach a maximum at 40/sec. 

This point we have investigated directly by measuring the output of the 
two amines separately. The amines were chemically extracted from the plasma 
samples, separated by paper chromatography, eluted and each assayed in 
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saline solution. The method is complicated and involves several transfers of 
dilute solutions of the amines from one vessel to another and evaporating these 
solutions tu dryness. In our hands it was not possible in recovery experiments 
to get back much more than 40% of noradrenaline and adrenaline added to 
samples of plasma. For this reason a sample of control plasma to which 
adrenaline and noradrenaline had been added was subjected to the same 
extraction, separation, elution and assay. This gave in each experiment an 
estimate of the losses in the processing of the samples. The results of one such 
experiment were as follows. Four samples were used, control plasma before 
stimulating the nerves; control plasma to which adrenaline 10 ng/ml. and 
noradrenaline 20 ng/ml. had been added; plasma after stimulating at 10/sec 
and plasma after stimulating at 30/sec. In this experiment 40%, of the amines 
added to the control plasma was recovered. The activity of the control plasma 
itself was negligible (<0-05 ng/ml. adrenaline, <0-5 ng/ml. noradrenaline). 
At 30/sec noradrenaline equal to 600 pg/stimulus was found which, allowing 
for the losses, probably represented an actual output of about 1500 pg; no 
adrenaline was detected. At 10/sec the noradrenaline in the eluate was just 
detectable; no adrenaline was found. Thus, although the output/stimulus of 
15 pg was unusually low, presumably because of losses in processing, there 
was no evidence that at this frequency adrenaline was being liberated in place 
of noradrenaline. 


Effects of blocking the receptors for noradrenaline 

The appearance in the venous blood of amounts of noradrenaline which 
varied with the frequency of nerve stimulation could be explained therefore 
neither by variations in the fraction of the total output which was collected, 
nor by variations in destruction by monoamine oxidase, nor by variations in 
the proportion of noradrenaline and adrenaline at these different frequencies. 
We were left then with the possibility that the amount appearing in the venous 
blood either reflected exactly the amount liberated at the nerve terminals or 
that it was influenced by the utilization of the transmitter by the receptors on 
which it acts. To test this latter possibility an attempt was made to block the 
receptors and to determine the effect of block on the output of noradrenaline 
in the venous blood. Two related drugs, dibenamine and dibenzyline, were used. 
Dibenamine was given the day before the experiment, dibenzyline in the 
course of the experiment. 

Dibenamine. After dibenamine the relation between noradrenaline output 
and the frequency of stimulation was quite altered: at 10/sec the output was 
increased about sixfold and equal to the average peak output at 30/sec in 
animals untreated with dibenamine. The output at 30/sec was little altered. 
The results of these experiments are shown in Fig. 7. The first part of the curve 
in Fig. 2 has been redrawn with an extended scale for the frequency of stimula- 
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tion; superimposed are the individual results for those experiments in which 
dibenamine had previously been given to the animal. The output/stimulus 
now appears equal at all frequencies up to about 50/sec. In our experiments 
dibenamine never abolished completely all responses of the spleen to nerve 
stimulation, but contraction was reduced. Whether for this reason or because 
vasoconstriction of the splenic arterioles was prevented, the average blood flow 
in these experiments was greater than in those in which the animals were not 
given dibenamine. This increase in the flow rate was not the explanation of the 
increase in the output at low frequencies. In many experiments flow rates 
comparable with those in untreated animals were found, yet the output was 
greatly increased. If repeated samples at a frequency of stimulation of 10/sec 
were taken until, with exsanguination, the blood flow was less than the average 
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Fig. 7. Individual results for the output/stimulus of noradrenaline after dibenamine, super- 
imposed on the graph showing the average output in untreated animals (solid line). 


in untreated animals, for example, in one experiment until a plasma volume 
of only 0-6 ml. was reached, the output of noradrenaline still remained high. 
In this experiment the output/stimulus was just under 600 pg, compared with 
an average output/stimulus at 10/sec in animals untreated with dibenamine of 
160 pg, this latter figure being based on samples restricted to those over 1-0 ml. 
Because of the difference in blood flow after dibenamine the rate and duration 
of the output of noradrenaline was investigated to see if there was any difference 
from the untreated animal and to ensure that our standard collection period 
was still applicable. The results are shown in Fig. 8. The pattern of output with 
time was similar with or without dibenamine and the use of the standard 
period of collection was justified. 

Dibenzyline. The first experiment with dibenzyline was similar in design to 
that with dibenamine, i.e. it was given 20 hr before the experiment. The results 
were similar to those using dibenamine, the output at 10 and at 30/sec was 
equal. These results have been included with those of dibenamine in the graph 
of Fig. 7. Dibenzyline was next used in acute experiments to demonstrate 
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that the output at low frequencies of stimulation was augmented after in- 
jecting the drug. In the first experiment the output at 10/sec before dibenzy- 
line was 195 pg/stimulus, a figure close to the average output at this frequency 
(160 pg/stimulus). After dibenzyline this was increased to 3100 pg/stimulus. 
A second period of stimulation later in the experiment gave a slightly lower 
figure of 2300 pg/stimulus. Such large outputs after dibenzyline prompted us 
to examine the output at much lower frequencies of stimulation than we had 
so far considered, and in this same experiment the output of noradrenaline at 
1/sec was determined. This was 3000 pg/stimulus, i.e. equal to the output/ 
stimulus at a frequency of 10/sec. Using a frequency of 1/sec the total number 
of pulses was reduced to 100 to avoid the loss of blood resulting from long 


10/sec 
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Fig. 8. Histogram of the output with time of sympathin in the splenic venous blood of a cat 
previously treated with dibenamine. The splenic nerves were stimulated at a frequency of 
30 and 10/sec during the period shown by the solid rectangles on the time scale. 


periods of collection. In the next experiment the output at 1/sec was again 
examined, but using smaller trains of pulses. Before dibenzyline, using a total 
of 20 stimuli, no sympathin was detected. Dibenzyline was given and stimula- 
tion was repeated. Noradrenaline was now present in measurable quantities, 
the output/stimulus equalling 500 pg. In this experiment the output/stimulus 
at 10/sec after dibenzyline was 700 pg; the difference between these two figures 
is within the error of our methods. It seemed probable that at a frequency as low 
as 1/sec the output/stimulus would be constant irrespective of the duration of 
stimulation so that even though trains of impulses shorter than the standard 
200 were used the results could be compared with the output/stimulus at 
higher frequencies. This constancy was checked by using a train of 50 stimuli. 
- The output/volley was 540 pg in comparison with 500 pg using 20 stimuli. 
The output/stimulus at frequencies of stimulation above 50/sec in animals 
untreated with either dibenamine or dibenzyline falls. At frequencies of 
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200/sec and upwards the output/stimulus was similar to that at 10/sec. We 


decided to investigate the effect of blocking receptors with dibenzyline on the 
apparently similar output at these two frequencies. The assay from the 
experiment is illustrated in Fig. 9. The outputs at 200 and 10/sec before 
dibenzyline were respectively 225 and 105 pg/stimulus. After dibenzyline 
the output at 10/sec had jumped to 1595 pg/stimulus, whereas that at 200/sec 
had fallen slightly to 150 pg/stimulus. It is clear that the similarity in outputs 
between very low and very high frequencies conceals a great difference in the 
amount of noradrenaline liberated. 
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Fig. 9. Assay on the rat B.P. of the sympathin content of cat plasma after stimulation of the 
splenic nerves. §1 is the response to 0-2 ml. of plasma before nerve stimulation; 82 and 84 
to 0-1 ml. of plasma after stimulation at 200/sec and 83 and 85 after stimulation at 10/sec. 
Between 83 and 84 dibenzyline 10 mg/kg was given to the cat. The activity of the plasma 
when the nerves were stimulated at 200/sec is unaltered; at 10/sec there is a great increase. 
The response to 10 ng of noradrenaline and the saline artifact are also shown. Time marker, 
30 sec. 


After dibenamine, although the output of noradrenaline is increased at 
frequencies of stimulation below 30/sec there is no apparent increase at this 
frequency. Several further experiments were done in which the splenic nerves 
were stimulated at 30/sec before and after dibenzyline to try to determine 
whether or not the output at this frequency was increased by blocking the 
receptors. The results were equivocal, sometimes there was a small increase, 
sometimes not. None of the increases was greater than the possible error 
introduced by the method of bioassay. 


Arterial injection of noradrenaline 
Since large quantities of noradrenaline liberated at nerve endings seemed to 
be removed by the tissues, and since this was prevented by inactivating the 
receptors, it was of interest to see whether a similar destruction of noradrena- 


line injected into the splenic arterial blood occurred, and whether this destruc- 
tion in its turn could be prevented by receptor inactivation. The injection of 
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10ug of noradrenaline was needed to produce a response of the spleen similar 
to that produced by nerve stimulation. As we had expected, little, about 2%, 
of the injected noradrenaline appeared in the venous blood; over 90% of this 
large amount of noradrenaline had been destroyed by the tissues. Dibenzyline 
10 mg/kg was then injected and, unlike its effect on the response to nerve 
stimulation, completely abolished the effect of a succeeding injection of 10yug 
of noradrenaline. Surprisingly, in the first of these experiments even less 
noradrenaline was recovered after giving dibenzyline; 45 ng compared with 
165 ng. This was a most puzzling observation. The period of blood collection 
we used was based on the nerve stimulation experiments, i.e. the period of 
injection plus 20 sec. This might have been insufficient if the injected nor- 
adrenaline was slower in traversing the spleen than we imagined. Conse- 
quently, in the next experiment, we followed the time course of the output before 
and after dibenzyline. Before giving dibenzyline the noradrenaline appeared 
in the venous blood with a timing roughly similar to the output of sympathin 
when the splenic nerves were stimulated, i.e. almost all of it was collected 
within 20 sec of the end of the injection. After dibenzyline the whole picture was 
changed : noradrenaline continued to appear in the venous blood in each sample, 
which in this experiment meant for 2 min after stimulation, and there was no 
fall in the concentration of the drug between the first and last collection periods. 

These experiments are difficult to interpret, but they do at least serve to 
show that it is not practicable by arterial injection to imitate the liberation of 
noradrenaline at nerve endings. The fact that the noradrenaline concentration 
in the venous blood after dibenzyline remains constant for such a long period 
may indicate a failure of the mechanism responsible for its destruction. Because 
of the difficulties in interpretation and the obvious lack of correspondence 
between injected noradrenaline and liberated noradrenaline these experiments 
were discontinued. 

Anomalous results 

In two of the sixty cats used in these experiments the results were so unusual 
as to require separate consideration. The preparation and condition of the 
animals was unexceptional, and the response of the spleen on stimulating the 
splenic nerves was excellent. The haematocrits of the blood leaving the spleen 
after nerve stimulation were the highest ever recorded, 75 and 78 respectively. 
Nerve stimulation, however, was not followed by the appearance of nor- 
adrenaline in the usual amounts in the venous blood. The outputs at 30/sec 
were 225 and 190 pg/stimulus. In the first experiment, administration of 
dibenzyline increased the output to 880 pg/stimulus although at this fre- 
quency there is normally no significant change in output after this drug. The 
low output of noradrenaline was therefore apparently due to a more complete 
utilization of the transmitter with its consequent destruction. We can offer no 
explanation of these results. 
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DISCUSSION 


Our experiments have shown that appropriate stimulation of the post- 
ganglionic sympathetic fibres to the spleen causes the appearance in the 
venous blood of a vasopressor substance. This appears to be noradrenaline, 
and our results are therefore in conformity with those of other workers who have 
specifically pursued the identification of the splenic nerve transmitter (Peart, 
1949; Mann & West, 1950). Under no circumstances has splenic nerve stimula- 
lation been followed by the appearance of adrenaline in detectable quantities. 
The noradrenaline which we have found in the venous effluent from the spleen 
has appeared as the direct result of nerve stimulation; it is not due to the con- 
traction of the splenic capsule expelling preformed material, because injection 
into the splenic artery of histamine causes a contraction of the spleen, but this 
is not accompanied by the appearance in the venous blood of noradrenaline. 
Conversely, when the nerves are stimulated after dibenzyline, the contraction 
of the spleen is reduced, but the output of noradrenaline is increased. 

We were, initially at least, mainly interested in the effect of the frequency 
of nerve stimulation on the output of noradrenaline. The relationship of the 
output/stimulus to the frequency of stimulation was determined over a wide 
range of frequencies from 1 to 300/sec. The most striking variations appeared 
within the range 10—50/sec. In this range we found a sixfold increase in the 
average output/stimulus on increasing the frequency of stimulation from 10 
to 30/sec. This increase could not be explained by variations in the fraction of 
noradrenaline collected, since experiment had shown that at both frequencies 
over 80% of the total output of noradrenaline was accounted for. Nor were 
variations in the destruction of the noradrenaline by amine oxidase the cause 
of the increase, because inhibition of monoamine oxidase had no effect 
on the output at either frequency. There was only one way in which the 
output: frequency relationship could be altered and that was by administering 
the drugs dibenamine and dibenzyline, whose action is to inactivate the 
receptors for noradrenaline. After either of these drugs the output at all 
frequencies up to about 30/sec became equal, and equal to the maximum out- 
put in untreated animals. This increase in output at low frequencies enabled 
us not only to identify but also to assay the output of noradrenaline at fre- 
quencies as low as 1/sec. We are now faced with the problem of accounting for 
the sixfold increase in output on increasing the frequency of stimulation from 
10 to 30/sec and the constancy of the output in this range after dibenamine. 
The amount of transmitter appearing in the venous blood, which we assay, 
does not necessarily reflect directly the amount liberated at the nerve endings, 
but is the difference between the amount liberated and the amount destroyed 
after liberation. A simple explanation, consistent with the observed facts, is 
that the amount of noradrenaline liberated is constant between frequencies of 
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1 and 30/sec, and that the smallness of the amounts appearing in the venous 
blood at the lower frequencies is due to destruction of the transmitter. On this 
basis the interval between successive nerve volleys at frequencies below 10/sec 
would be sufficient for the destruction of all the transmitter liberated so that 
none would escape into the blood stream. Above 10/sec the interval between 
volleys would be insufficient for the complete destruction of the noradrenaline 
liberated which would therefore accumulate at the nerve endings, diffuse into 
the interstitial fluid and thence into the blood stream. Such an accumulation 
of transmitter at frequencies above about 10/sec has already been suggested 
by Folkow (1952) as an explanation of the delay in the onset and rate of 
relaxation of the smooth muscle of blood vessels after sympathetic nerve 
stimulation. 

The constancy of the output at frequencies between 1 and 30/sec after 
dibenamine would be explicable on the ground that the dibenamine had pre- 
vented the destruction of the transmitter. The known effect of dibenamine is 
to block the tissue receptors for noradrenaline, and we must conclude there- 
fore that combination with the receptors is a necessary prelude to the destruc- 
tion and removal of liberated noradrenaline. It is, indeed, possible that the 
receptors themselves may destroy noradrenaline in the way suggested by 
Zupandié (1953) for acetylcholine. Although this hypothesis can explain both 
the characteristic frequency:output relationship in animals untreated by 
dibenamine or dibenzyline and the equality of output at all frequencies up to 
about 30/sec after these drugs, it is surprising that the output at frequencies 
of 30/sec is not increased. The explanation may be in the fraction of liberated 
noradrenaline utilized at this frequency. If, for example, only 20% of the 
noradrenaline was utilized by the tissue receptors and the remaining 80% 
escaped into the blood stream, then prevention of the utilization could lead to 
an increase of only 20% in the venous blood, an increase which would not 
necessarily be detected by bioassay. 

The idea that the tissue receptors for noradrenaline are responsible for its 
destruction, and that receptor inactivation results in an accumulation and 
overflow of transmitter, is supported by many observations. Of these, perhaps 
the most relevant is the finding of Cannon & Bacq (1931) that more sympathin 
appeared in the blood stream, as judged by its effect on the heart, when the 
sympathetic nerves to the hind quarters or to the colon were stimulated after 
a small, blocking dose of ergotamine. Further indirect evidence is provided 
by the observation that many drugs, which block the tissue response to 
adrenaline or to adrenergic nerve stimulation by acting at receptor sites, also 
potentiate these responses if used in low concentration. Such potentiation of 
the responses of several tissues has been demonstrated by Jang (19406) for 
three typical adrenergic blocking agents, 933F, yohimbine and ergotoxine, 
and a similar potentiation by dibenzyline of the responses of the rat’s uterus to 
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adrenaline has been described by Holzbauer & Vogt (1954). These anomalous 
effects of drugs whose action otherwise is to block receptors could be explained 
if the destruction of the transmitter was a function of the receptor site. The 
potentiating effect with small doses would imply that the activity of the 
receptor site in destroying noradrenaline was more susceptible to depression 
than was its activity as a receptor. Such discrimination between the receptor 
itself and the closely linked mechanism for transmitter inactivation might 
also explain why, in our experiments, the output of noradrenaline from the 
spleen increased after dibenamine or dibenzyline in spite of the fact that the 
response of the spleen to nerve stimulation was reduced and not abolished. 
A similar action might account for the well-known ability of ephedrine to 
potentiate the response of many tissues to adrenaline or to stimulation of 
adrenergic nerves (Gaddum & Kwiatkowski, 1938). These authors attributed 
this effect to the prevention of destruction of adrenaline, since the output of 
transmitter from the rabbit’s ear, after stimulation of the sympathetic nerves, 
was increased if ephedrine was present in the perfusate. Ephedrine is known 
to inhibit monoamine oxidase, so that this enzyme was presumed to be the 
one responsible for the destruction. Ephedrine, however, is active at receptor 
sites, and in high concentration blocks the response to either nerve stimulation 
or adrenaline (Finkleman, 1930; Gaddum & Kwiatkowski, 1938; Ambache, 
1951). Ephedrine has, therefore, much in common with the adrenergic blocking 
drugs, differing from them only in the greater discrimination between the con- 
centration required to potentiate and that required to block the response. It 
is possible therefore that ephedrine also protects noradrenaline from destruc- 
tion, not by inactivating monoamine oxidase, but by acting directly on the 
receptors for noradrenaline. Further evidence against the idea that ephedrine 
acts by virtue of its inhibitory effect on amine oxidase is provided by Jang’s 
(1940a) finding that corbasil (dihydroxynorephedrine) a substance structurally 
like, and pharmacologically almost indistinguishable from, adrenaline has its 
action equally potentiated by ephedrine and yet is resistant to amine oxidase. 
Finally, several other sympathomimetic amines resembling ephedrine and 
adrenaline share this ability to potentiate the effects of adrenaline and nerve 
stimulation, but differ widely in their ability to inhibit monoamine oxidase 
(Jang, 1940a). 

Although our experiments have shown that monoamine oxidase plays no 
apparent part in the destruction of the transmitter in the spleen, there is 
considerable indirect evidence associating this enzyme with adrenergic nerves 
(Blaschko, 1954; Burn & Robinson, 1952). The inhibitor Marsilid, which we 
used, has been claimed by Schayer & Smiley (1953) to halve the oxidation of 
intravenously injected noradrenaline. Von Euler & Zetterstrom (1955), how- 
ever, have been unable to show that amine oxidase plays any part in in- 
activating circulating adrenaline or noradrenaline in man. Recently, Kamijo,. 
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Koelle & Wagner (1956) have shown that the potentiating action of Marsilid 
on the effects of nerve stimulation and of injected noradrenaline is unrelated 
to its ability to inhibit monoamine oxidase. 

The frequencies of stimulation needed to discharge demonstrable quantities 
of noradrenaline into the splenic venous blood in the absence of dibenamine or 
dibenzyline are probably higher than any occurring in life. According to 
Folkow (1952) the maximum response of blood vessels that can be produced 
reflexly can be matched by artificial stimulation of the efferent sympathetic 
fibres at 6-8/sec. At these frequencies no noradrenaline appeared in the 
venous blood in our experiments, which therefore confirm the view of Celander 
(1954) that circulating sympathin is a curiosity seen only when nerves are 
stimulated at frequencies much higher than those occurring in life. 

We have not, so far, considered the output of noradrenaline at frequencies 
of nerve stimulation above 50/sec. At these frequencies the output in the 
untreated animal falls progressively to reach its lowest level at 300/sec, the 
highest frequency which we used. Treatment of the animal with dibenzyline 
does not increase the output. It is evident, therefore, that at these frequencies 
the amount of transmitter liberated at the nerve ending is diminished. The 
smallness of the nerve fibres constituting this pest-ganglionic trunk makes it 
remotely unlikely that the nerve conducts a complete train of full-sized 
impulses at frequencies much above 50/sec, and the impulses reaching the 
peripheral nerve endings may be deficient either in size or*number. 

The increase in the output/stimulus of noradrenaline after dibenamine or 
dibenzyline we have attributed to the action of this drug in blocking receptor 
sites for noradrenaline. Although this seems the most likely explanation it is 
not the only one. The blood flow through the spleen after these drugs was often 
greater, especially with dibenamine, than that usually observed, and the 
response to nerve stimulation was of course diminished. That increased flow 
rate itself was not responsible for the increased output was clearly shown in the 
experiments in which the animal was repeatedly bled until the blood flow was 
greatly reduced. In spite of the very low flow rates the output of noradrenaline 
remained high. Another possibility, more difficult to deal with, is that after 
dibenzyline the pattern of blood flow through the spleen is altered. Such a 
redistribution might conceivably ensure a more effective removal of the 
liberated noradrenaline and thereby increase the output. This possibility we 
cannot exclude; it is one of the drawbacks inherent in using an organ with a 
circulation so complex as the spleen. It is not, however, a likely explanation ; 
if the circulation after dibenzyline was more effective in washing out the nor- 
adrenaline liberated at the nerve endings, we would have expected some in- 
crease in the output at high frequencies. 

In the course of these investigations we have had the opportunity of 


observing the output of vasopressor substances from the spleen both after 
7-2 
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stimulation of the splenic nerves and after the arterial injection of nor- 
adrenaline. Gross & Schneider (1952) reported that injection of adrenaline or 
noradrenaline into the splenic artery of a cat released a vasopressor substance 
into the venous blood. This substance appeared to be noradrenaline. Stimula- 
tion of the splenic nerves at 50/sec also led to a release of this same substance. 
We have been unable to confirm these results. Noradrenaline injected into 
the splenic artery not only does not lead to a greater amount of noradrenaline 
appearing in the venous blood, but only a small fraction of the noradrenaline 
injected appears on the venous side. In our experiments the amounts of 
noradrenaline injected varied from ten times that injected in the experiments 
of Gross & Schneider down to the same amount. It is true that stimulating 
the splenic nerves at 50/sec as they did would release some noradrenaline into 
the circulation, but both this and intra-arterial injection of the amines would 
also cause splenic contraction with expulsion of cell-rich blood from the spleen. 
The increased circulatory volume and blood viscosity plus the increased peri- 
pheral resistance of a constricted spleen might well be responsible for the 
observed effects, an increase in blood pressure and fall in heart rate. 


SUMMARY 


1. The post-ganglionic sympathetic nerves to the spleen of the chloralosed 
cat were stimulated electrically and the output of sympathin in the venous 
blood from the organ was measured. 

2. Chemical exttaction and chromatographic separation of this sympathin 
from the plasma showed it to be noradrenaline. No adrenaline was 
detected. 

3. The effect of the frequency of 200 maximal stimuli on the output of 
noradrenaline per stimulus was studied. At frequencies of stimulation below 
10/sec no noradrenaline could be detected. At 10/sec sufficient was present 
to make an assay possible (average 160 pg/stimulus). With increasing fre- 
quency of stimulation the output per stimulus increased, reaching a maximum 
at about 30/sec when the average output per stimulus was about six times that 
at 10/sec (980 pg/stimulus). Above 30/sec the output fell progressively until, 
at 300/sec, noradrenaline was again just detectable. 

4. This characteristic output: frequency relationship was not due to varia- 
tions in the destruction of the transmitter by monoamine oxidase since 
administration of the anti-amine oxidase isopropylisonicotinyl hydrazine 
(Marsilid) did not alter the output at either frequency. 

5. The output: frequency relationship could bealtered by administering the 
adrenergic blocking agents dibenamine (N N-dibenzyl-8-chloroethylamine) or 
dibenzyline After either 
of these drugs the output of noradrenaline at frequencies of stimulation below 
30/sec was increased so that the output per stimulus at all frequencies in the 


range 
outp 
6. 
nerve 
frequ 
succe 
At 
| in th 
the c 
but 1 
7. 
is li 
We 
dekat 
invest 
Brio 
Bro 
Brov 
Bur 
| CaN 
CELA 
Cor 
Fos 
Fou 
GAD 
GaD 
GaD 
7 Gal 
Gro 


NORADRENALINE FROM CAT SPLEEN 101 


range 1—30/sec became equal. Dibenamine or dibenzyline did not increase the 
output of noradrenaline at frequencies over 50/sec. 

6. It is suggested that the amount of noradrenaline liberated at adrenergic 
nerve endings by each nerve impulse is the same, at least up to a frequency of 
30/sec. The amount of transmitter reaching the blood stream varies with the 
frequency of stimulation. At frequencies below 10/sec the interval between 
successive impulses is sufficient for the complete destruction of the transmitter. 
At higher frequencies this interval is insufficient, noradrenaline accumulates 
in the tissues and spills into the blood stream. At frequencies above 50/sec 
the decline in output per stimulus is due, not to destruction of transmitter, 
but to a failure of liberation. 


7. The mechanism for the destruction of noradrenaline at the nerve endings 
is linked to the receptors for this substance and can be inactivated with them. 


We wish to thank Mr J. F, Palmer who designed and built the gate control unit for use with a 
dekatron counter and Miss W. Goreham for her technical assistance. Part of the expenses of these 
investigations were met by a grant from the Medical Research Council. 
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PULMONARY BLOOD FLOW IN THE CAT. THE EFFECT 
OF POSITIVE PRESSURE RESPIRATION 


By GWENDA R. BARER anp E. NUSSER 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 10 April 1957) 


The flow of blood through the lungs is known to alter under many influences, 
including the phase of the respiratory movements. Measurements of the rate 
of flow have often been made by indirect methods either because the experi- 
ments were performed on man, or because it was thought important to keep 
the chest closed. It has been shown that pulmonary blood flow is increased 
during normal inspiration and reduced by positive pressure ventilation, and 
these effects have been attributed to changes in cardiac filling and in pul- 
monary vascular resistance. It has not, however, been possible to analyse the 
contribution of these two factors, and it was thought that direct measurements 
of pulmonary vascular resistance in open-chested animals might enable this 
to be done. Positive pressure respirators are in common use for certain types 
of paralysed patients, so that a clear understanding of their limitations is 
desirable. 

Green, Lewis, Nickerson & Heller (1944) have shown that the pressure-flow 
curves of certain vascular areas are non-linear, so that it is necessary. to 
compare whole curves, or at least pressures at similar flow rates, when investi- 
gating changes in resistance. It was therefore decided to determine the 
pressure-flow curves of cats’ lungs before proceeding with the more compli- 
cated problem proposed above. 


METHODS 


Cats were anaesthetized with intravenous chloralose (60 mg/kg body weight). The chest was 
opened widely in the mid line and positive pressure respiration (using oxygen) was maintained 
with a Starling ‘Ideal’ pump. The peak intratracheal pressure was varied by altering the stroke 
of the pump. After the dissection and before the insertion of cannulae, heparin (Boots Pure Drug 
Co. Ltd., 10 mg/kg) was injected intravenously. 

Measurement of pulmonary blood flow. The total blood flow through both lungs or the blood 
flow to the left lung only was measured with a density flow-meter (Dawes, Mott & Vane, 1953) or, 
in a few experiments, with a bubble flow-meter consisting of a loop of polythene tubing marked 
in ml. with a bubble trap at the distal end. There was a pressure drop of 2 mm Hg across the 
density flow-meter used for the main pulmonary artery at a flow of 460 ml./min (water), and 
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a drop of 2 mm Hg across the smaller one used in the left pulmonary artery at a flow of 128 ml./min 
(water). The pressure drop across the bubble flow-meter used in the main pulmonary artery was 
6 mm Hg at a flow of 800 ml./min (water), and that across the meter used in the left pulmonary 
artery was 4 mm Hg at a flow of 150 ml./min (water). 

The main pulmonary artery was exposed with a minimum of dissection and ligatures were 
passed with a fine aneurysm needle. The length of vessel between the pulmonary valves and the 
bifurcation of the pulmonary trunk is not great in the cat, and it is difficult to avoid obstructing 
one or other with the cannulae. The most satisfactory procedure was as follows. The pulmonary 
artery was gently occluded near the valves with curved forceps (there is no space for a bulldog 
clip and the distortion due to a tightened ligature makes rapid cannulation difficult), a large slit 
was made midway between valves and bifurcation, and both proximal and distal glass cannulae 
were inserted through the same slit, pointing in opposite directions. The moment the tip of the 
proximal cannula was inserted, the forceps were released and the cannula was pushed further in 
and the ligature tied. Air tended to enter the cannulae because of their width, which was as great 
as that of the pulmonary artery, but any air entering the proximal cannula was caught in the 
upper parts of the density flow-meter (whence it could be released) or in the air trap of the bubble 
flow-meter. The distal cannula was kept filled by a slow saline drip until cannulation was complete. 
The duration of obstruction of pulmonary blood flow was about 50 sec. In only a few cats did 
the heart beat become irregular or stop; a small dose of adrenaline sufficed to restore normal 
rhythm. The flow-meters were filled with warm Dextran solution, and a small transfusion of 
heparinized blood or Dextran solution was sometimes given after cannulation. A similar pro- 
cedure was used for cannulating the left pulmonary artery, but more time was available and it 
was possible to use a bulldog clip on the proximal side. 

In other experiments a modification of the method described by Nichol, Girling, Jerrard, 
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Claxton & Burton (1951) was used. A vertical tube 90 cm high, 0-49 cm* in cross-section and open — 


to the atmosphere at its upper end, was joined through a T-piece at its base to the distal end of 
the left pulmonary artery by a glass cannula (the junction with the main pulmonary artery having 
been obstructed with a ligature), and to the proximal end of the femoral artery by means of a 
narrow polythene tube. The vertical tube was filled rapidly with blood from the femoral artery 
and this blood was then allowed to run into the left pulmonary artery. The lateral perfusion 
pressure was measured with a condenser manometer, and flow was calculated from the rate of fall 
of pressure and the cross-sectional area of the tube. The accuracy of this method depends upon the 
tube being wide enough for capillary effects to be negligible. The diameter of the tube was deter- 
mined by this consideration, and that of reducing the volume of blood bled from the cat to a 
minimum. In a large number of trials the flow, measured by this method, was compared with that 
obtained simultaneously from a sensitive volume recorder of high natural period attached to the 
top of the vertical tube, and was found to be identical. The vertical tube was filled immediately 
before each perfusion run, in order to minimize loss of heat and settling of blood corpuscles. The 
connexion to the femoral artery was kept warm, and between runs a small flow between femoral 
artery and left pulmonary artery was maintained. The volume of blood removed from the cat for 
a column height of 40 cm was 20 ml., and it was occasionally necessary to give a small transfusion 
of Dextran solution. In this series of experiments the left atrial pressure was not measured but 
was kept constant. A wide piece of flexible plastic tubing was connected to a glass cannula in the 
left auricular appendage. The tubing was filled with saline and its end was lowered so that any 
rise in pressure caused blood to flow from the tube; this blood was collected and returned to the 
cat. Alternatively, a much longer length of plastic tube was attached and manipulated in relation 
to a vertical scale so that the saline-air meniscus did not move appreciably in a vertical 
direction. 

Pressure measurements, The lateral pressure in the pulmonary arteries was measured with 
@ mercury manometer attached to the distal end of the flow-meter tubing, or with a condenser 
manometer, A Luer no. 12 needle was attached to the condenser manometer head and inserted 
either, inte the flow-meter tubing or directly into the main pulmonary artery, where it was fixed 
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by a purse-string suture in the artery wall. Atrial pressures were measured either with a condenser 
manometer, or from @ vertical tube tied into the auricular appendage. The pressure in the left 
external jugular vein was measured with a condenser manometer attached to a polythene cannula. 
Intratracheal pressure was measured with a cond m ter attached to the tracheal cannula 
or with a critically damped mercury manometer. The frequency responses of the condenser 
manometer heads with cannulae connected were, pulmonary arterial 85 o/s, right and left atrial 
125 c/s and venous 100 c/s. Pressures were measured from the points of entry of the cannulae into 
the pulmonary artery and atrium, which were usually within 1 cm vertical height of each other. 
Mean pressures were calculated from condenser manometer records by using a planimeter. The 
pulmonary vascular resistance was calculated as 

Pulmonary arterial pressure — left atrial pressure (mm Hg) 

Pulmonary arterial blood flow (ml./min) 
Right heart output. The output of the right heart against a constant resistance was measured as 
follows. The main pulmonary artery was opened and a cannula was inserted into the proximal end. 
Thence blood flowed through a Starling resistance and a Gaddum (1929) outflow recorder into 
a warm reservoir, and was delivered by a Dale-Schuster pump to a second warm reservoir 


situated above and connected to the distal end of the pulmonary artery, which was perfused by , 


gravity at constant pressure. In a few experiments a flow-meter was inserted between the second 
reservoir and the pulmonary artery so that both right heart output and the inflow to the lungs were 
measured. 


RESULTS 
Pressure—flow relationship in the lungs 

The mean pulmonary blood flow was 280+68-7 ml./min or 114+ 20-6 ml./ 
min/kg (sixteen cats) and the mean pulmonary arterial pressure was 19 + 5-6 mm 
Hg. This compares with a flow of 121 ml./min/kg observed by Baxter, 
Cunningham & Pearce (1952) using a Pitot tube in cats with the chest closed. 

Two methods were used to obtain pressure-flow curves. In the first a 
density flow-meter was inserted into the left pulmonary artery (or a main 
branch thereof) with a mercury manometer attached to its distal end, and, 
except in a few early experiments, a saline manometer was tied into the left 
auricular appendage. A ligature was placed round the right pulmonary artery, 
and by tightening this, or by tightening a screw-clip on the flow-meter tubing, 
the left pulmonary arterial pressure was raised or lowered by diverting blood 
from one lung to the other, without greatly affecting total pulmonary blood 
flow or left atrial pressure. Reducing blood flow to the left lung did not change 
systemic blood pressure but a substantial reduction of flow through the right 
lung caused a profound fall of systemic blood pressure. This confirms previous 
observations (Drinker, Churchill & Ferry, 1926) that the right but not the left 
pulmonary artery is capable of carrying the whole right heart output. In 
many experiments both vessels were released between each observation ; if this 
failed to restore the original conditions the experiment was abandoned. Fig. 1 
shows typical pressure gradient—flow curves. In twenty-two out of twenty-six 
experiments an approximately linear relationship was observed over the range 
measured. Similar inflow pressure-flow curves were obtained in experiments 
in which the left atrial pressure was not measured. There.was some scatter, 
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which was partly due to the fact that not all measurements could be taken at 
the same phase of respiration. After periods of high left pulmonary arterial 


pressure the flow at lower pressures was temporarily increased above its 


former value. Similarly, after periods of very low left pulmonary arterial 
pressure, flow at medium pressures was temporarily reduced. This type of 
hysteresis is illustrated in Fig. 2 and probably explains the non-linear results 
observed in the remaining four experiments. 
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Fig. 1. Two cats, chloralose anaesthesia. Typical p gradient—fiow diagrams for left pulmonary 


artery, flow-meter method. Branch to upper part of upper lobe excluded. Left atrial pressure 
varied from 6-5 to 7-7 mm Hg for curve A, Mig 
one isolated reading of 7 mm Hg. 


Substantially similar results were obtained by the second method (in 
thirteen cats) in which the left pulmonary artery was perfused from a vertical 
tube of blood and the left atrial pressure was kept constant. Except at very 
low rates of flow there was a linear relationship between flow and pressure 
within the range studied (Fig. 3). In ten cats vascular resistance appeared to 
increase at very low rates of flow (Fig. 3b) though in four of these there was 
a linear relationship in other tests. These very low rates of flow were not easily 
measured with the density flow-meter. It is possible that the increase in 
vascular resistance at a low rate of flow observed with the vertical tube 


Fig. 2. 
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Pressure gradient (pulmonary arterial pressure- 
left atrial pressure; mm Hg) 
Fig. 2. Cat, chloralose anaesthesia. Pressure gradient—flow diagram for left pulmonary artery, 
flow-meter method, showing sequence of measurements. 


Blood flow in left pulmonary artery (mi./min) 
So 
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0 . 


Inflow perfusion pressure (mm Hg). 

Fig. 3. Two cate, chloralose anaesthesia. Typical inflow pressure-flow diagrams for left pulmonary | 
artery. Vertical tube perfusion method. Two measurements of flow were made at each q 
pressure, one from the slope of the pressure curve (@) and one by means of a volume recorder 
attached to the top of the perfusion tube (O). Left atrial pressure was kept constant. 
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method was due to sedimentation of corpuscles, an idea which receives some 
support from the fact that in three cats where the lungs were perfused with 
Dextran solution the relationship was linear. 

Flow ceased at a pressure difference across the pulmonary vascular tree of 
1-12 mm Hg in both series of experiments. This is similar to the values 
obtained by Nichol e al. (1951) for the critical closing pressures of blood 
vessels in other regions, though in the lungs it could also be due to communi- 
cation with the bronchial arteries. 


Positive pressure ventilation and pulmonary vascular resistance 
When a bubble flow-meter was inserted into the pulmonary artery it was 
seen that the injected air bubbles travelled faster during deflation than 
during inflation. Similarly, when the lung was perfused with a vertical 
column of blood, flow was visibly arrested during inflation if the peak intra- 
tracheal pressure was high. When the lungs were kept deflated by obstructing 


the trachea, pulmonary flow was greater than during artificial ventilation and — 


much greater than during a period of continued inflation (Table 1). 


TaBxE 1, Effect of positive pressure inflation and deflation on pulmonary blood flow 
measured with a bubble flow-meter in the main pulmonary artery 


Pulmonary blood flow (ml./min) 
"Trachea clamped in Control period 
cr A Positive pressure 
Cat no Inspiration Expiration irati 
1 158 214 200 
2 194 230 218 
197 226 210 


Portions of pressure—flow curves were also obtained during positive pressure 
respiration by allowing fluid from a vertical tube to run into the left 
pulmonary artery after closing the tracheal cannula during inflation or 
deflation. During inflation a side tube of the tracheal cannula was connected 
to a 51. reservoir of oxygen to maintain the required pressure. In six cats 
pulmonary vascular resistance was greater during inflation than during 
deflation (Fig. 4). If the pressure at which the lungs were inflated was reduced 
the inspiratory curve approached the expiratory curve. 

Measurements of pulmonary vascular resistance with the lungs inflated and 
deflated were also obtained by recording flow (with a density flow-meter) and 
pulmonary arterial and left atrial pressures in twelve cats (Table 2). In 
another six cats the results were similar. In every experiment pulmonary 
vascular resistance was increased during inflation. Pulmonary arterial 
pressure, both systolic and diastolic, rose, and left atrial pressure often rose. 
Pulmonary blood flow was usually but not always diminished, and in those 
~ eats in which it remained constant or increased there was nevertheless an 
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Fig. 4. Cat, chloralose anaesthesia. Inflow pressure—flow diagrams for left pulmonary artery. 
Vertical tube perfusion method. (A) trachea closed in expiration, (B) trachea closed during 
positive pressure inflation at approximately 27 mm Hg. Two measurements of flow were 
made at each pressure, one from the slope of the pressure curve (@) and one by means of 
a volume recorder attached to the top of the perfusion tube (©). Left atrial pressure was 
kept constant. 


TaB_z 2, Effect on pulmonary vascular resistance of inflating the lungs 

In Expts. nos, 2 and 4 blood flow was measured in the main pulmonary artery, in the others in the 
left pulmonary artery. In each experiment the first set of observations was taken during positive 
pressure ventilation, and the second a short time after the beginning of a period of continued 


inflation. 
no. (sec) (mm Hg) (mL/min) (mm Hg) a Hg) ml./min) ; 
l -8 0/7 41 18 5 0-32 7 
+4 6 44 23 6 0-39 7 
2 -5 0/7 136 15 3 0-09 ] 
+8 7 101 17 4 0-13 : 
-3 0/4 78 30 4 0-33 
+3 4 78 35 4 0-4 q 
4 -1 0/5 256 34 4 0-12 J 
+8 5 226 36 5 0-14 4g 
5 -4 0/10 42 28 6 0-48 q 
+4 il 50 36 6 0-57 7 
6 ~3 0/9 63 20 3 0-27 q 
+16 10 56 26 3 0-41 7 
7 ~15 0/7 48 21 6 0-31 4g 
+18 il 38 28 8 0-68 q : 
8 ~20 0/10 37 31 4 0-73 q 
+20 16 28 39 6 1-18 4 
9 -10 0/10 34 19 2 0-5 7 
+40 19 48 34 5 sae q 
10 -16 0/34 38 28 3 q 
+4 15 32 30 3 
ll -17 0/20 30 13 6 a 
+2 15 28 16 6 Mt q 
12 -17 0 34 17 6 q 
+28 + 27 16 6 0-37 
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increase in resistance. Since the increase in resistance was present when the 
flow remained constant, and the whole pressure—flow curve was shifted to the 
right during inflation (Fig. 4), the increase in resistance cannot be attributed 
to passive collapse of the vessels from decreased flow (Green et al. 1944). It was 
not possible to get wholly satisfactory measurements of vascular resistance 
during deflation because of the rapid onset of asphyxial changes. Of ten cats, 
resistance was unchanged in two, fell in five, and rose slightly in three. 


Fig. 5. Cat, chloralose anaesthesia. Records showing the effect of raising the peak intratracheal 
pressure on the pulmonary circulation during positive pressure respiration. Pump stroke 
increased at signal. Records from above downwards, (A) intratracheal pressure (ITP), left 
atrial pressure (LAP), pulmonary arterial pressure (PAP); (B) intratracheal pressure, right 
atrial pressure (RAP), external jugular pressure (EJP), pulmonary arterial pressure. Time 
marker 0-1 sec. 

The changes in pulmonary arterial and left atrial pressures, blood flow and 
vascular resistance when the peak intratracheal pressure was raised from a low 
to a higher value are shown in Table 3. Pulmonary arterial pressure increases 
as intratracheal pressure rises during inflation and falls during deflation 
(Fig. 5). When peak intratracheal pressure was raised the mean pulmonary 
arterial pressure throughout the respiratory cycle rose or fell slightly or was 
unchanged. Venous pressure rose, and mean left atrial pressure remained 
constant or rose slightly. At or just after the peak of intratracheal pressure 
the slope of the filling phase of the left atrial pressure curve was decreased 
(Fig. 5). The carotid pressure usually fell and showed exaggerated respiratory 
variations, while the right atrial pressure rose. When the peak intratracheal 
pressure was more than 7-12 mm Hg pulmonary blood flow was nearly always 
reduced either at once or gradually (Fig. 6). More rarely there was an increase 
in flow, presumably due to opening up of new areas of lung. Pulmonary 
vascular resistance increased when the peak intratracheal pressure was raised 
to about 20 mm Hg, but the changes at lower pressures were small (Table 3). 
However, if the trachea was closed in inflation during a period of high-pressure 
ventilation, the resistance always rose, even though the tracheal pressure 
during this time was much less than the peak pressure had been in the previous 
period of high-pressure respiration (Table 2, nos. 10, 11 and 12). The total 
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effect on pulmonary vascular resistance of high positive pressure ventilation 
therefore depended on the duration of inflation. In some experiments the 
pulmonary vascular resistance and pulmonary arterial pressure rose at first 
and then gradually declined during the period of high-pressure ventilation. 
The peak intratracheal pressure also fell (the pump stroke being unaltered, 
Fig. 6), but not sufficiently to account for the decline in resistance, which 
sometimes even fell below the initial value while the intratracheal pressure 
was still considerably raised. 


Fig. 6. Cat, chloralose anaesthesia. Records showing the effect of raising the peak intratracheal 
pressure on the circulation during positive pressure respiration. Pump stroke increased at 
signal. Records from above downwards, approximate intratracheal pressure (ITP), pul- 
monary blood flow (PBF), carotid pressure (CP), pulmonary arterial pressure (PAP). Note 
that the intratracheal pressure is slightly less after the period of high-pressure breathing 
than it had been before, although the pump stroke was actually slightly greater. 


Positive pressure ventilation and venous return 
to the right heart 
In these experiments the output of the right heart was passed through a 
Starling resistance, measured and pumped into a reservoir whence it flowed to 
the lungs at constant pressure. When the cat was ventilated at a high peak 
intratracheal pressure the right heart expelled less blood (intermittently), 
although it was beating against a constant resistance. The carotid pressure fell 
and showed large respiratory variations. Fig. 7 illustrates an experiment which 
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is typical of such observations made in eight cats. In four cats the rate of 
blood flow into the lungs was measured. It remained constant, increased, or 
decreased slightly during successive periods of high pressure ventilation in 
which the right heart output was reduced. There was therefore no constant 
relationship between reduction in blood flow to the lungs and reduction in 
right heart output. Complete recovery from the effects of high-pressure 
ventilation took place if the pressure had not been too high nor maintained 
too long. 


Tasxe 3. Effect on pulmonary vascular resistance of high positive pressure respiration 


In Expts. no. 3 and 6 blood flow was measured in the main pulmonary artery, in the others in 
the left pulmonary artery. 


Pulmonary 
Expt. Hg/ 
Time pressure blood flow pressure pressure (mm pressure 
no. (sec) (mm Hg) (ml./min) (mm Hg) (mmHg) ml/min) (mm Hg) 
1 -8 0/2 38 27 3 0-63 136 
+3 0/9 36 later 34 28 3 0-69 126 
2 -16 0/2 4l 16 | 0-37 90 
+3 0/8 40 later 33 16 l 0-38 86 
3 -5 0/4 235 30 4 0-11 86 
+9 0/7 224 31 4 0-12 74 
4 -ll 0/5 38 14 7 0-18 116 
+16 0/9 36 later 33 14 7 0-19 lll 
5 -9 0/6 78 31 4 0-35 138 
+11 0/13 74 later 61 29 5 0-33 138 
6 -3 0/7 195 19 5 0-07 94 
+4 0/10 197 later 180 19 4 0-08 80 
7 -17 0/5 35 20 4 0-46 74 
+6 0/12 34 later 30 20 4 0-47 72 
8 —27 0/4 42 21 4 0-41 102 
+6 0/8 34 20 4 0-47 89 
9 -l1 0/21 45 30 3 0-61 79 
+4 0/43 38 31 3 0-74 70 
10 -18 0/4 40 21 4 0-43 108 
+10 0/14 44 later 49 23 4 0-43 104 
ll -4 0/6 94 17 4 0-14 124 
+6 0/13 98 later 83 19 6 0-13 108 
12 -16 0/7 52 18 4 0-27 136 
+13 O/11 52 20 4 0-31 122 
13 -5 0/9 39 14 4 0-26 110 
+3 0/29 28 14 a 0-36 82 
14 -8 0/10 32 13 6 0-22 86 
+8 0/26 36 17 6 0-31 82 


Positive pressure ventilation and respiratory obstruction. When either one 
lobe or one lung was obstructed during positive pressure ventilation (by 
external pressure on a bronchus or inflation of a small balloon passed down 
from the trachea) the intratracheal pressure rose substantially. This suggests 
why human patients in positive pressure respirators sometimes show serious 
circulatory embarrassment when one lobe of a lung collapses; the intratracheal 
pressure may rise to a level which reduces cardiac output. 
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In order to simulate the effect of bronchial constriction the tubing of the 
tracheal cannula was partly constricted with a screw-clip in eight cats. Intra- 
tracheal pressure rose throughout the respiratory cycle, although the pump 
stroke remained constant. Pulmonary blood flow was frequently reduced and 
pulmonary vascular resistance increased. 

Methylene blue was injected into the pulmonary artery at the end of 
experiments to see if the whole lung had been perfused, since from time to 
time the cannula was found partially to obstruct a branch of the upper lobe. 
Staining was usually patchy, suggesting that at any one time only certain 
pulmonary vessels were open. This is similar to the radiographic observations 
of Prichard, Daniel & Ardran (1954) also in cats. 

Pulmonary vascular capacity. A clamp was placed across the base of the 
heart at the end of seven experiments, so that a vertical tube connected to the 
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Fig. 7. Cat, chloralose anaesthesia, vagi cut in neck. Records showing the effect on right heart 
output of raising the peak intratracheal pressure during positive pressure respiration. The 
right heart was beating against a Starling resistance inserted into the pulmonary artery. The 
pump stroke was increased from 80 to 230 ml. at first signal, from 230 to 250 ml. at second, 
and reduced from 250 to 80 ml. at third. Records from above downwards, right heart output 
(RHO), external jugular pressure (EJP), heart rate (HR), carotid pressure (CP). The rate of 
flow of blood into the lungs (measured with a bubble flow-meter) was constant within experi- 
mental limits during this period. 
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pulmonary artery, the lungs, and a tube in the left atrium now formed a 
U-cireuit full of blood. When the lungs were inflated under positive pressure, 
in six cats fluid rose on the arterial and even more on the left atrial side, 
showing that the capacity of the pulmonary vessels had decreased. In the 
seventh cat, in which pulmonary blood flow was very poor, fluid sank very 
slightly on the arterial side and rose on the venous side. 


DISCUSSION 


In these experiments in the cat the pulmonary blood flow at any given pressure 
depended on previous events. However, under equilibrium conditions there 
was an approximately linear relationship over a wide range between pressure 
and flow except at very low pressures. Edwards (1951), Hall (1953), Williams 
(1954) and Borst, McGregor, Whittenberger & Berglund (1956) found a curved 
relationship between pressure and flow in dogs. Resistance decreased with 
increasing flow. A linear relationship between pressure and flow was found by 
Dawes, Mott & Widdicombe (1955) in the lungs of new-born lambs and by 
Hild, Mechelke & Niisser (1956) in cats. Haddy & Campbell (1953), and 
Borst et al. (1956) found in dogs, and Carlill & Duke (1956) found in cats, that 
the resistance to flow decreased when the pulmonary venous pressure was 
raised. In our experiments we kept the left atrial pressure constant within 
narrow limits so that we probably excluded this factor. Carlill & Duke (1956) 
also found that the volume of blood in the lung increased with left atrial 
pressure. The absolute value of the left atrial pressure may therefore be 
important in determining the pressure—flow curve, because it will influence 
the degree of filling and the distensibility of the lung vessels. Girling (quoted 
by Burton, 1952) compared the different types of pressure—flow curve of the 
rabbit’s ear with those predicted on theoretical grounds during different degrees 
of vasomotor activity: Our curves resemble those obtained when there was 
no vasomotor activity, a situation which might prevail in the lungs of 
anaesthetized cats. 

Early measurements in man suggested that pulmonary arterial pressure rose 
very little during the increased blood flow of exercise (Riley, Himmelstein, 
Motley, Weiner & Cournand, 1948; Hickam & Cargill, 1948; Cournand, 1950). 
It was thought that the pulmonary vascular bed was highly distensible and 
that large areas could be expanded by very small pressure changes, presum- 
ably because these regions were controlled by vessels in an unstable state 
(Burton, 1951). Later measurements suggest that the pulmonary arterial 
pressure does rise in exercise (Dexter, Whittenberger, Haynes, Goodale, 
Gorlin & Sawyer, 1951; Donald, Bishop, Cumming & Wade, 1955) and that 
a true picture of events can only be obtained if the pulmonary arterial 
pressure is referred to the changing intrathoracic pressure. It will not be 
possible to draw any firm conclusions until pressure-flow relationships are 


exam 
exerci 
The 
resis 
retur! 
Brect 
exp 
Vasc 
resi 
dogs, 
lun 
to 
outp 
4 woul 
whic 
resis 
10- 
‘ in pl 
artif 
pres 
un 1 
pul 
the 
T 
card 
is sk 
The 
trac 
(Fig 
rose 
peri 
also 
red 
exp 
‘ sys 
and 
pre 
reg 
7 tra 
hes 


PULMONARY BLOOD FLOW IN CAT 115 


examined over a wider range and until the changes in left atrial pressure on 
exercise are known. 

The changes in pulmonary blood flow with respiration depend both on 
resistance changes in the pulmonary vascular bed and on variations in venous 
return. In cats breathing normally, Baxter & Pearce (1951) found flow 
greatest during inspiration ; during artificial respiration with open chests, both 
Brecher (1953, dogs) and we, using cats, observed that flow was greatest in 
expiration. When we inflated cats’ lungs, there was a clear increase in pulmonary 
vascular resistance over a wide range of flows. Edwards (1951) showed that 
resistance was increased by both positive and negative pressure inflation in 
dogs, and Daly & Hebb (1941) made similar observations on isolated dogs’ 
lungs. However, it is probable that pulmonary vascular resistance would have 
to rise beyond the physiological limits of the right heart. in order to reduce its 
output. Below this level, if the venous return were constant, the output 
would be maintained in accordance with Starling’s law. In the experiments in 
which the output of the right heart was measured against a variable Starling 
resistance it was necessary to raise the pulmonary arterial pressure by 
10-30 mm Hg before the right heart output began to decline. Such an increase 
in pressure was occasionally observed during inspiration under high-pressure 
artificial respiration (Table 2), but the mean increase in pulmonary arterial 
pressure throughout the whole respiratory cycle was small, so that it is 
unlikely that the main cause of the decline in cardiac output was increased 
pulmonary vascular resistance. It may, however, have been responsible for 
the reduction of pulmonary blood flow observed in inspiration. 

That changes in venous return are partly responsible for the decline in 
cardiac output during high-pressure ventilation even when the chest is open, 
is shown in the experiments with a Starling resistance in the pulmonary artery. 
The output of the right heart was intermittently reduced when the peak intra- 
tracheal pressure was increased, although the Starling resistance was constant 
(Fig. 7). Two factors may have contributed to this. The right atrial pressure 
rose (possibly owing to compression) so that the pressure gradient from the 
peripheral veins to the heart may have been reduced. The systemic pressure 
also fell and showed large respiratory variations which may have caused a 
reduction in the flow of blood from arteries to veins. The results of the four 
experiments in which pulmonary inflow was measured suggest that the fall in 
systemic blood pressure was not due to diminished flow of blood to the lungs 
and left heart resulting from increased pulmonary vascular resistance, but 
presumably to peripheral vasodilatation. 

In man and animals with closed chests the effect of positive pressure 
respiration on the venous return must be much greater, since the high intra- 
tracheal pressure will be transmitted to the outside of the great vessels and 
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decline in cardiac output in man (Werké, 1947; Whittenberger, 1955; Brecher, 
1956). The effect is directly related to the height of the intratracheal pressure, 
so that it is important to keep this as low as possible both clinically and in 
physiological experiments. There is indeed some evidence that a negative 
expiratory phase may be useful when the chest is closed (Maloney, Elam, 
Handford, Balla, Eastwood, Brown & Ten Pas, 1953; Brecher, 1956). 

The increase in pulmonary vascular resistance on inspiration must be 
correlated with anatomical changes in the vessels. Macklin (1946) showed in 
the cat that the large véssels increase in length and he thinks that they prob- 
ably maintain their diameter during inflation. He concludes that the total 
capacity of the pulmonary vascular bed is increased by connective tissue 
traction during inspiration and that blood is thereby aspirated into the lungs. 
This conception is based on the observation that when the lung vessels were 
filled with latex, more latex was taken up during lung inflation. However, he 
admits that the latex does not enter capillaries. When the vessels were filled 
with saline, this was squeezed out during inflation. The explanation is prob- 
ably that the large vessels (filled by latex and by saline) increase in capacity 
on inflation while the small vessels (filled by saline alone) decrease in capacity. 
Our few experiments with blood and Macklin’s with saline suggest that the 
total pulmonary vascular capacity diminishes on inflation. 


SUMMARY 


1. The total pulmonary blood flow in cats was measured with a density 
flow-meter in the main pulmonary artery. The mean value was 114 + 20-6 ml./ 
min/kg. 

2. Pressure—flow curves in the left pulmonary artery were measured by two 
methods. In the first method flow was measured with a density flow-meter. 
There was a linear relationship between pressure and flow under equilibrium 
conditions over a wide range, but when changes were rapid, hysteresis was 
demonstrated. In the second method the left lung was perfused from a vertical 
column with the animal’s own blood and the left atrial pressure was kept 
constant. There was again a linear relationship except at very low pressures. 

3. The values for critical closing pressure in the lungs were 1-12 mm Hg. 

4. In cats with open chests ventilated by positive pressure, pulmonary 
blood flow was greatest in the expiratory phase. 

5. Pressure-flow curves measured by the vertical tube method during 
_ inflation and deflation showed that pulmonary vascular resistance was 
greatest in inflation over a wide range of flows. 

6. Measurement of pulmonary blood flow with a density flow-meter, and of 
pulmonary arterial and left atrial pressures, showed that pulmonary vascular 
resistance was always increased by inflation. Pulmorary arterial pressure 
rose, and left atrial pressure often rose. _ 
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7. When the peak intratracheal pressure was raised during positive pressure 
ventilation, the effect on pulmonary vascular resistance depended on the 
duration of inflation, but resistance was increased when the peak intratracheal 
pressure was more than 20mm Hg. Pulmonary blood flow was usually 
reduced when the peak intratracheal pressure was greater than 7-12 mm Hg. 

8. When a Starling resistance was inserted into the main pulmonary artery 
to maintain a constant pressure, it was found that the cardiac output was inter- 
mittently reduced by high positive pressure ventilation. Increased pulmonary 
vascular resistance was therefore not the sole cause of diminished blood flow 
in high pressure breathing. Decreased cardiac filling must also have played 
a part although the chest was widely opened. 

9. The vascular capacity of the lungs was diminished by positive pressure 
inflation. 

We wish to thank Dr G. 8S. Dawes for his help and criticism, Dr D. G. Wyatt for advice on 
physical matters, and Mr A. Ryder for technical assistance. 
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THE EFFECT OF IONS UPON NEUROMUSCULAR TRANS- 
MISSION IN A HERBIVOROUS INSECT 


By D. W. WOOD 
From the Department of Zoology, University of Glasgow* 
(Received 30 April 1957) 


The ionic composition of the haemolymph of most insects is closely related to 
their diet (Boné, 1944; Clark & Craig, 1953; Duchateau, Florkin & Leclergq, 
1953). In herbivorous insects the blood sodium and potassium levels are 
similar to those of the food plant, but magnesium is higher and calcium lower 
than in the food plant (Duchateau e al. 1953). The sodium: potassium and 
calcium: magnesium ratios of the haemolymph are both less than unity. In 
carnivorous and omnivorous insects, however, the proportions of the mineral 
constituents of the haemolymph are more comparable to those of vertebrate 
blood: there is a high sodium: potassium ratio, and the calcium: magnesium 
ratio approaches or exceeds unity. 

In various Acrididae (Hagiwara & Watanabe, 1954; Hoyle, 1953, 1955a, 5) 
and in the cockroach (Wilson, 1954; Hoyle, 1955a), an increase in the external 
potassium concentration results in a depolarization of the resting membrane 
of the muscle fibres. Hoyle (1955a) found that in the locust an increase in 
magnesium ions reduced the size of the end-plate potential and lowered the 
excitability of the muscle-fibre membrane. Calcium ions antagonized the 
action of magnesium on the end-plate potential and their presence was 
necessary for its development. No detailed study of the effect of sodium ions 
upon neuromuscular transmission in insects has yet been made. In vertebrates 
the presence of sodium is necessary for the full development of the end-plate 
potential (Fatt & Katz, 1952) and is essential for the production of the pro- 
pagated action potential (see Hodgkin, 1951). 

There is no evidence that propagated action potentials occur in insect muscle 
fibres. The distributed end-plate potentials excite the muscle to contract even 
when they are very small (Hoyle, 1955a). It might be expected that in 
herbivorous insects there will be a low resting potential due to high blood 
potassium, and a small action potential due to a combination of low resting 
potential and low blood sodium. Since in arthropod muscle the size of the 
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mechanical response is directly related to the size of the muscle action potential, 
the muscles of herbivorous insects might contract less vigorously than those of 
carnivorous or omnivorous insects. At present there is no information about 
the relative performances of insect muscles. Hoyle (1955a) found that a con- 
centration of 10 mm-Mg reduced the end-plate potential to a very small size 
and led to the disappearance of the active membrane of ‘spike’ response of 
locust and cockroach muscle. This value is only 0-5—0-2 of the values for the 
blood Mg of many herbivorous insects (Clark & Craig, 1953; Duchateau et al. 
1953). If all the magnesium found in the blood of these insects is present in 
the form of unbound ions, there must be some difference in magnesium tolerance 
between the muscles of herbivorous and other insects. 

The ionic composition of cockroach and locust bloods is typical of carni- 
vorous and omnivorous insects. It seemed desirable, therefore, to examine the 
effects of the four common cations{sodium, potassium, calcium and magnesium, 
on neuromuscular transmission in a typical herbivorous insect. The present 


paper describes the results of such a study on the stick insect, Carausius 
morosus Br. 
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METHODS 


Blood composition 

Blood analyses were carried out upon small samples obtained by pricking the articular membrane 
between two of the thoracic segments, and taking up the resulting drop of blood in a haemocyto- 
meter pipette. A measured quantity of the blood was then pipetted into a known small quantity 
of distilled water. Sodium, potassium, and calcium were estimated on the samples by means of an 
‘Eel’ flame photometer. Before magnesium and phosphate estimations, protein was precipitated 
with trichloroacetic acid, and centrifuged off. Magnesium was determined by the titan yellow 
method of Heagy (1948), and phosphate by the method of Snell & Snell (1949). For chloride and 
bicarbonate Conway microdiffusion methods were used; the original method for bicarbonate 
(Conway, 1950), and a modified colorimetric method for chloride (Gordon, 1952). 

The results of these analyses are given in Table 1. They show good agreement with the results of 
previous workers, although the magnesium value obtained was not quite so high as that of 
Duchateau et al. (1953). Nevertheless, the value of 53 mm-Mg obtained is 20-30 times that found 
in vertebrate blood or the haemolymph of a carnivorous insect. 

A saline was prepared for experimental purposes utilizing the figures obtained by analysis, so 
as to approximate closely to the ionic composition of the haemolymph. Some allowance was made 


TaBLz 1, The ionic composition of Carausius haemolymph 
Figures are given in mm as the mean, to the nearest whole number, of a number of analyses 
(in brackets), + its s.z. The results of previous workers are included in the table. 


te, 
Na K Ca Cl as ~ HCO,- 

Author's analyses: Ms 

Mean 15 18 7-5 53 101 16 5 

0. 0 

Boné, 1944 21 a) @ ®) 
Duchateau et al. 1953 9 28 8 72-5 — —_ — 
Ramsay, 1953, 1955 14 17 
: *; Ramsay, 1955 ll 18 3-5 54 87 13* 
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for probable binding of some of the magnesium by the blood amino acids (Albert, 1950). The 
composition of the saline was as follows: Na 15; K 18; Mg 50; Ca 7-5; H,PO, 6; HPO, 4-5; C1 133 
(all mm). This saline has a pH of about 6-6, which was similar to the pH value obtained from fresh 
blood using @ Pye pH meter with a glass electrode micro-assembly. Experimental salines were 
prepared by addition or subtraction of the chloride of the ion under investigation. To the normal 
saline was added 63-3 g of sucrose/l., and the tonicity of the other saline mixtures was adjusted to 
that of the normal saline by a suitable alteration of the sucrose content. 

For a sodium-free mixture, potassium phosphates were substituted for sodium phosphates and 
the amount of potassium chloride adjusted to preserve the potassium level of the normal saline. 
It was found that the use of phosphate buffers resulted in the formation of precipitates, presumably 
of calcium phosphate, at low magnesium concentrations. Phosphate—bicarbonate buffering 
(12 mm-H,PO,-; 8 mm-HCO,~) was accordingly used for zero and 25 mm—Mg salines. Some ex- 
periments were carried out in which all the magnesium salines were buffered in this way, and the 
results were not found to differ from experiments in which phosphate-buffered salines were used. 

Even in the normal saline a precipitate formed on standing. No saline was used in this condition. 

Tetraethylammonium, tetramethyl ium, and tetra-n-butyl ium iodides were 
converted to chlorides by dissolving them in distilled water and passing the solution through a 
column containing Permutit ion-exchange resin ‘de-acidite FF’ in chloride form, until the liquid 
passing through showed no trace of iodide. Their strength was adjusted to a suitable level for 
incorporation in the salines after a chromate titration for chloride. 

Experimental procedure 

The animal was placed ventral surface uppermost, upon a bed of ‘ Plasticene’ contained in a 
Petri dish, and fastened to this bed by small strips of ‘Plasticene’ passing over the femora just 
behind the femoro-tibial joints in such a way that the tibiae were free to move, The particular leg 
to be examined was surrounded by ‘ Plasticene’ to keep it supported, and a well was formed around 
it by a wall, also of ‘Plasticene’, which passed over the coxa and kept it fixed in position. The 
ventral cuticle was then removed from most of the femur, exposing the flexor tibialis muscle. This 
is the largest femoral muscle, and consists of pinnately arranged fibres running from the lateral 
cuticle to their insertion on the median apodeme, the fibres being grouped into bundles of two 
vertical rows of five fibres each. The muscle is innervated by the crural nerve, which contains a 
‘fast’ axon sending branches to all the fibres of the muscle. In these experiments the crural nerve 
was stimulated in the thorax by transformer-differentiated square pulse stimuli applied to the 
nerve through polythene-insulated, tapered silver-wire electrodes. A single stimulus produced a 
‘twitch’ type contraction in all the fibres of the muscle. 

The electrical responses associated with this contraction were studied by means of glass capillary 
intracellular micro-electrodes filled with 3m-KCl (Ling & Gerard, 1949; Nastuk & Hodgkin, 1950), 
which were used to impale single muscle fibres. A cathode-follower input stage modified from 
Bishop (1949) and a d.c, pre-amplifier (Copeland, 1952) were used to feed the signal to a Cossor 
1049 oscillograph. The effects of salines of different composition upon the muscle response were 
studied by changing the fluid in the ‘Plasticene’ well. The routine procedure was to impale about 
ten fibres selected at random over the surface of the muscle in each saline, after a replacement 
time of 30 min. The electrode was left in the last fibre impaled in each saline, so that the effect of 
the next saline could be seen on the same fibre at regular intervals up to the standard replacement 
time. In addition, the effect of a series of salines was sometimes examined with the electrode left 
in the same fibre for the whole time. Only superficial fibres were used for sampling, but the effects 
described were checked on deeper fibres from time to time, and found to be similar to those seen in 
superficial fibres. 


RESULTS 
If the experimental preparations are completed before the removal of the 
cuticle from the femur, it is possible to impale fibres of the flexor tibialis muscle 
within two minutes of covering the muscle with normal saline. The shortest 
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time within which a change in the ionic composition of the bathing fluid was 
seen to produce an effect upon a superficial fibre was about 1 min in high- 
potassium saline. In most superficial fibres it was a little longer than this. 
It should therefore be possible, if deeper fibres are impaled immediately after 
they have been covered in saline, to record the electrical responses of these 
fibres while they are still bathed in their normal medium. Two records obtained 
from deeper fibres in this way are shown in Fig. 1. They illustrate the variation 
in resting and action potentials between individual fibres. In Fig. 1A the 
resting potential is 37 mV and the action potential is 40 mV. Corresponding 
values for Fig. 1 B are 42 and 30 mV respectively. Mean values obtained from 
six such deeper fibres in the same muscle were 41 mV +8.k. 1-5 for the resting 
potential and 39 mV + 2:2 for the action potential. Fig. 14 was recorded on 
a slower time base than Fig. 1 B, to show the time course of the rising phase 


Fig. 1. Two examples, on different time bases, of the normal electrical response of Carausius 
muscle to single shock stimulation of the crural nerve. Calibration in all Figs. (except 
Fig. 12): mV and msec, 


more clearly. The rising phase occupies about 6 msec and is followed by a long 
decay phase of about 100-150 msec (Fig. 1B). Small overshoots of zero 
potential, similar to that seen in Fig. 1 A, were observed more often in young 
adults than in old adults. The former were used as far as possible in these 
experiments, the cuticle, which is harder in older animals, serving as a rough 
guide in their selection. 

The long decay time observed was not a result of the appearance of a con- 
traction artifact. The time course did not vary when small vertical movements 
of the electrode were made. Furthermore, the initial part of the recovery 
phase occurred more quickly in high-sodium saline, although the mechanical 
response was then greater. In low-calcium solution the recovery phase was 
slower, but the tension developed by the muscle was much smaller. Con- 
traction artifacts were seen in some cases: they could always be distinguished 
from the time course of the action potential. 

At first, no attempt was made to see that the normal saline was isotonic 
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with the muscle fibres. Roeder & Weiant (1950) and Wilson (1954) added a 
small quantity of sucrose to the saline they used for the cockroach, but Hoyle 
(1953) and Hagiwara (1953) added none to the saline they used for various 
Acrididae. The osmotic pressure of insect blood is high, owing to the presence 
of large quantities of free amino acids and reducing sugars. Figures for the 
osmotie pressure of the haemolymph of most of the insects studied by these 
authors are not available, but it is probable that some at least of the salines 
used by them were hypotonic to the muscle fibres they examined. However, no 
adverse effects were reported as a result of their use. There was some swelling of 
locust muscle fibres in the saline used by Hoyle(1953), but this had noeffect upon 
their electrical and mechanical properties (Hoyle, personal communication). 
This was not the case in Carausius. In the normal saline without added 
sucrose the magnitude of the resting and action potentials showed a sub- 
stantial decline (Fig. 2), but recovered when sucrose was added to the saline. 
Within limits, depending upon the normal action of the salt concerned, re- 
covery could be induced by the addition of almost any salt to the saline. For 


J 
30 
Fig. 2. 
example, the addition of a moderate quantity of potassium ions resulted in a 
small increase in the size of the action potential, although the resting potential 
declined further. Following these observations the normal saline was made 
up with sucrose, as stated. The amount of sucrose to be added was determined 
by trial and error until resting and action potentials were obtained similar in 
size to those recorded from deeper fibres bathed in the insect’s own body 
fluids. 
The effect of sodvum ions 

Changes in the external sodium concentration affected the magnitudes of 
both the resting and action potentials. Fig. 3 is a graph of the results from a 
typical experiment. Below about 100 mm-Na the curves for the resting and 
action potentials follow an almost parallel course. The similar shape of the two 
curves may mean that at these sodium concentrations the change in size of the 
action potential is at least partly a result of the corresponding change in the 
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resting potential: del Castillo, Hoyle & Machne (1953) found that the size of the 
end-plate potential of locust muscle fibres was directly proportional to that of 
the resting potential. 

At sodium concentrations above 100 mm both curves rise more slowly, but 
the curve for the action potential maintains a higher rate of rise than the curve 
for the resting potential. The differences are not statistically significant, but 
the same trend occurred in all experiments. Some factor other than the 
magnitude of the resting potential may be involved. In both resting and 
action potential the change in magnitude between 0 and 200 mm-Na is re- 
latively small: about 6 mV in the resting potential, and 10 mV in the action 
potential. 3 


100 
Sodium concentration (mM) 


Fig. 4 


Sodium concentration (mM) 


Fig. 3 


Fig. 3. Relation between external sodium concentration and size of resting potential, ©, and — 


action potential, @. Limits of s.z. of mean shown by bars where they exceed radius of 
circle, and similarly throughout this paper. 


Fig. 4. Relation between size of junctional potential, ©, active membrane response, @, and 
external sodium concentration. Different experiment from Fig. 3. 


By employing a suitably fast time base on the oscillograph, it is possible to 
determine the relative sizes of the end-plate component, which will hereafter 
be termed the junctional potential, and of the active membrane response. The 
junction between the two components then appears in some records as a slight 
bend in the rising phase of the action potential (the validity of this criterion is 
discussed on p. 131), Analysis of figures obtained from such selected fibres shows 
that the curves for the two components follow a parallel course which is 
similar in shape to that of the action potential as a whole (Fig. 4). 

In Fig. 5 records are shown which illustrate the effect of lowering the sodium 
in the bathing fluid from normal to zero, or raising it from normal to 200 m™. 
The record in zero sodium was taken 3 hr after transference of the fibre to this 
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saline from normal saline: it was no different from the response recorded 
after 30 min. It is evident from these records that an alteration in external 
sodium concentration results in a corresponding alteration in the rate of rise 
of the action potential. The rate of rise of the junctional potential and active 
membrane response are affected in a similar manner by changes in sodium 
concentration (see Fig. 7), and it follows that the start-to-peak rate of rise of 
the action potential is a rough measure of the rate of rise of each of its two 
components. In three separate experiments the increase in the rate of rise of 
the action potential between zero and 200 mm-Na was 5-8, 6-1 and 7-9 V/sec, 
giving a mean value of 6-9 V/sec. The corresponding increase in the size of the 
action potential was 12, 10, and 12-5 mV respectively, giving a mean of 
11-5 mV. 


Fig. 5. Records from @ fibre transferred from normal saline (A) to zero Na (3); — 
and from another transferred from normal saline (C’) to 200 mm-Na (D). 


Quaternary ammonium tons 

In an attempt to throw more light upon the role of sodium in the production 
of the action potential in Carausius, experiments were performed in which the 
sodium content of the salines was replaced by an equivalent quantity of a 
quaternary ammonium ion. The muscle became inexcitable after being bathed 
for 30 min in concentrations of tetrabutylammonium ions as low as 15 mm. 
It is not known whether this was due to a direct effect upon the muscle fibres 
or to some action upon the nerve endings. Conduction along the crural nerve 
was not affected. Excitability did not return when the saline was replaced 
with normal saline containing sodium. 
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Tetraethylammonium (TEA) ions tended to produce an irreversible fall in 
the value of the resting potential, the effect being quicker the higher the con- 
centration. The fall in resting potential was accompanied by a fall in the 
magnitude of the action potential. Nevertheless, the rate of rise of the action 
potential increased considerably by comparison with sodium salines. 

TEA salines also caused the muscle fibres to become abnormally excitable. 
The slightest mechanical stimulus to any part of the muscle, or a slight move- 
ment of the tibia, resulted in a vigorous and prolonged contraction of the 
whole muscle. A similar contraction followed single shock stimulation of the 
crural nerve. In sodium salines a single nerve stimulus produces only a small 
movement of the tibia, and the increase in size of the twitch in increased 
sodium concentrations is light. In concentrations of TEA as low as 15 mu 
there ensued complete and prolonged flexion of the tibia as a result of a single 
nerve stimulus, The vigorous and prolonged nature of the contraction in TEA 
salines appeared to be associated with tetanic trains of action potentials 
following each applied single stimulus. 


mV 


0 50 100 0 50 
mM per litre 
Fig. 6. Relation between size of A, resting potential, B, action potential and external sodium, @, 
and tetramethy! ium, ©, concentrations. 


When tetramethylammonium (TMA) ions were substituted for sodium ions, 
the values of the resting and action potentials were very similar to those 
obtained in the equivalent sodium salines (Fig. 6). However, although TMA 
ions proved a suitable substitute for sodium in this respect, their use resulted in 
a marked decrease in the rate of rise of both the junctional potential and the 
active membrane response by comparison with sodium ions (Figs. 7, 8). This 
effect could be reversed by bathing in normal saline containing sodium. 


The effect of potassium ions 
Potassium ions exerted a depolarizing action upon the muscle fibre membrane 
similar to that observed in other excitable tissues (Hodgkin, 1951; Fatt & 
Katz, 1953; Hoyle, 1953), The largest resting potential occurred in zero 
potassium: as the external potassium concentration was raised, the magnitude 
of the resting potential fell (Fig. 9). 
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Fig. 7. Records from different fibres. A, in 50 mm-Na; B, in 15 Na; C, in 100 TMA; 
D, in 50 TMA. The arrows mark the inflexion in the rising phase. 
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mM per litre 
Fig. 8. Relation between rate of rise of A, junctional potential, B, active membrane response and 
external sodium, @, and tetramethy! ium, ©, concentrations. 
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Potassium concentration 
(mM, log. scale) 
Fig. 9. Relation between size of resting potential and external potassium 
concentration (logarithmic). Equilibration time of 30 min. 
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The action potential was also affected by alterations in the potassium level. 
It declined in magnitude as the potassium concentration was raised (Fig. 10). 
In a typical case the action potential fell, after 30 min in 100 mm-K, to about 
20 mV, compared with a mean value of 44 + 1-2 mV from fibres of the same 
muscle in zero potassium saline. Records in which the junctional potential 
(}.p.) and active membrane response (a.m.r.) could be distinguished appeared 
to agree with the findings of Hoyle (19552) in locust and cockroach muscle 
fibres. He found that in raised potassium the a.m.r. showed a progressive 
decline which was correlated with a decline in the j.p. In fibres of Carausius 
which show an overshoot of zero potential in normal saline, the overshoot 
persists when the potassium concentration is raised up to about 100 mm, 
though above this figure it tends to disappear. 

A replacement time of 30 min is not sufficient for the complete development 
of the effect of a change in potassium concentration in superficial fibres. The 
decline in size of the resting and action potentials in raised potassium begins 


Fig. 10. Sample action potentials from muscle at different potassium Concentrations. A, zero: 
_ B, 18; C, 50; D, 100; #, 150; F, 200 mm. Note the overshoot in C, and the presence of both 
j.p. and a.m.r. in D, 


almost 
become 
hour or 
potenti 
base fir 
to 
in the 
way, t 
| stimuls 
A 
in the 
size of 

the ac 
d in siz 

of th 

5 mx 

q upon 
4 curv 
poe 
20 curv 

was 
cam 
q dec 


N-M TRANSMISSION IN A HERBIVOROUS INSECT 129 
almost immediately the saline has been changed and is rapid initially, but 
becomes slower, and the final equilibrium levels may not be reached for an 
hour or more. Thus, with a longer replacement time, the curve relating resting 
potential to potassium concentration (Fig. 9) slopes more steeply to cross the 
base line at about 150 mm-K, at which concentration, if the muscle is allowed 
to soak for a sufficient period, the action potential is abolished. If it is soaked 
in the saline long enough for all the fibres of the muscle to be affected in this 
way, the muscle fails to contract in response to either single or repetitive 
stimulation of its nerve. 

The effect of calcium ions 
A rise in the external calcium concentration is accompanied by an increase 
in the magnitude of the resting and action potentials (Fig. 11). The increase in 
size of the resting potential from zero to 10 mm-Ca was about 5 mV: that of 
the action potential was much greater, amounting to about 36 mV. The change 


0 
25 5 75 10 
. Calcium concentration (mM) 
Fig. 11. Relation between size of resting potential, O, and action potential, eS. 
at different calcium concentrations, 


in size of the action potential was greatest between zero and 5 mm-Ca, the part 
of the curve between these values being approximately linear. Above about 
5 mM an increase in calcium concentration has a progressively smaller effect 
upon the action potential, and it will be seen from Fig. 10 that the slope of the 
curve relating to the action potential is more comparable to that of the resting 
potential. In a few cases the muscle was bathed in 25 mm-Ca, but this resulted 
in an increase in the action potential of only a few mV, indicating that the 
curve is almost horizontal at concentrations above 10 mm. 

When the muscle was transferred from normal saline to zero calcium, there 
was a rapid alteration in the shape of the action potential (Fig. 12). The a.m.r. 
came off the j.p. progressively later, and the time course of the whole response 
became slower. As the lack of calcium took full effect both components 


declined in size, but the decline was more rapid in the case of the a.m.r., and it 
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disappeared while the j.p. itself was still quite large. The j.p. itself did not fall 
below about 8 mV by the end of the standard replacement time of 30 min, 

The separation of the j.p. from the a.m.r. in reduced calcium allowed the 
magnitudes and rates of rise of the two components to be examined separately. 
As in the case of the results obtained in sodium salines described earlier, the 


Fig. 12. The @iect of calcium, A-—D, records from the same fibre: A, in normal saline; B, 3 min 
after transference to zero calcium; C, after a further 3 min; D, a record taken a few minutes 
after C, on a faster time base to show time course. H—G, records from another fibre. /, in 
normal saline; #', in 10 mu-Ca; G, in 0 Ca (after 30 min). Calibration: 50 c/s in D, otherwise 
msec and mV. 
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bend in the rising phase of the action potential was taken as the junction 
between the two. To investigate the validity of this criterion, the muscle was 
transferred from normal to zero-calcium saline, and when the supposed a.m.r. 
had just disappeared, a pair of suitably spaced stimuli were applied to the 
crural nerve. Each stimulus of the pair produced a separate response of the 
muscle fibre membrane, and the two responses tended to summate, when they 
were followed by a further membrane response, similar in size and shape to the 
supposed a.m.r. which had previously disappeared (Fig. 13). The two responses 
were not followed by a further response when the paired stimuli were sufficiently 
far apart to prevent summation; nor when further soaking in zero calcium 
had reduced the size of the two summating responses below a certain level. 
The summating responses must apparently reach a certain critical height if 
they are to give rise to the further membrane response. It is evident from 
these results that the hump in the rising phase seen in reduced calcium marks 
the junction of two distinct components, and it is assumed that the similar, 


Fig. 13. A, in zero Ca, junctional potential only. 3B, same fibre a few minutes later : 
paired stimuli elicited an active membrane response. 


but slighter, hump noted in other salines is comparable. It appears reasonable 
to suppose, by analogy with the muscle fibres of other animals, that the two 
components involved are the end-plate or junctional potential and the active 
membrane response. 

Fig. 14 shows curves which relate the magnitudes of the two components to 
the calcium concentration. Between about 2-5 and 5 mm-Oa the relationship 
between the calcium concentration and the a.m.r. is substantially linear. An 
a.m.r. is not present below 2-2-5 mm-Ca: above this level it shows only about 
a 3 mV variation up to 10 mm-Ca. A similar degree of variation occurs in the 
resting potential in the same calcium concentrations (Fig. 11). It is possible 
that the size of the a.m.r. in different calcium concentrations is related to the 
value of the resting potential. | 

The rates of rise of the j.p. and a.m.r. are affected by alterations in the 
calcium concentration (Fig. 15). Between zero and 7-5 mm-Ca the rate of rise 
of the j.p. is directly proportional to the external calcium concentration. 


After an initially steep rise the curve for the a.m.r. continues upwards at a 
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slower rate. The rate of rise of the a.m.r. increases by about 5 V/sec when the 
calcium is raised from 2-5 to 7-5 mm. 

The sensitivity of the junctional potential to changes in the calcium level 
suggests that in Carausius, as in the locust and cockroach (Hoyle, 1955a), 
calcium exerts an effect upon the release of some neuromuscular transmitter, 
similar to that seen in vertebrates (del Castillo & Stark, 1952). Hoyle (1955a) 
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Calcium concentration (mM) 
Fig. 14. Relation between size of junctional potential, @, active membrane 
response, ©, and external calcium concentration. 
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Fig. 15. Relation between rate of rise of junctional potential, @, active membrane response, O, 
and external calcium concentration. 


Fig. 16. Relation between size ——s potential, ©, action potential, @, and external mag- 
nesium concentration. 
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pointed out that, nevertheless, calcium does not alter the time course of the 
vertebrate end-plate potential. He found that in the locust and cockroach, 
as in Carausius, the time course of the junctional potential became slower 
in low calcium. 

The effect of magnesium ions 

The relationship between the magnitudes of the resting and action potentials 
and the external magnesium concentration is shown in Fig. 16. The resting 
potential does not alter significantly in size between zero and 200 mm-Mg. The 
action potential, however, decreased in size above and below a magnesium level 
of about 50-75 mm-Mg. In the locust and cockroach (Hoyle, 1955a) and in 
vertebrates (del Castillo & Engbaek, 1954) magnesium inhibits the release of 
the neuromuscular transmitter, and a decrease in magnesium concentration 
is accompanied by an increase in the height of the end-plate or junctional 
potential, In Carausius it appears to be the action potential as a whole which 
declines, as in high potassium. 

Above about 75 mm-Mg the action potential falls in size as the magnesium 
level is raised. The change in the action potential is similar in some respects to 
the neuromuscular block which occurs in other muscle fibres subjected to 
magnesium concentrations several times greater than normal (del Castillo & 
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Fig. 17. Effect of low and high magnesium on action potential. A-C, records from the same 
fibre: A, in sero-Mg; B, in 25 mm-Mg; C, in 50 mm-Mg. D-F, records from another fibre: 
D, in 50 mu-Mg; E-G, progressive deterioration in 200 mm-Mg; records at 5 min intervals 
_ after transference to this saline. 
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Engbaek, 1954; Hoyle, 1955a). As the magnesium level is raised, the decline 
in the action potential increases, and the a.m.r. eventually disappears, the 
decrease in size of the j.p. being more gradual (Fig. 17). The general effect is 
therefore similar to that seen in low calcium; and in the locust and cockroach 
(Hoyle, 1955a) and in vertebrates (del Castillo & Engbaek, 1954) calcium 
antagonizes the neuromuscular block produced by magnesium. However, 
the changes produced in these animals by high magnesium are not entirely 
comparable to those which occur in Carausius, where the a.m.r. and j.p. did 
not become separated in time, as they did in low calcium; and the effect of 
high magnesium was not antagonized by calcium ions. The addition to the 
200 ma-Mg saline of sufficient calcium to restore the calcium: magnesium ratio 
to that of the normal saline neither abolished nor arrested the progressive 
decline of the action potential. The hypertonicity of the 200 mm-Mg saline 
would not be expected to cause a decline of this magnitude, if at all. 

In all cases where the action potential was reduced in size, the twitch tension 
of the muscle fell. When the muscle was soaked in 200 mm-Mg long enough 
for all the muscle fibres to be affected, the twitch tension fell to zero and no 
contraction could be elicited either by single shocks or repetitive stimulation. 
The effect could be reversed by prolonged washing in normal saline. 


The action of hyaluronidase 

In order to test the possibility that some kind of barrier surrounds the 
muscle fibres in Carausius, experiments were carried out in which ‘Hyalase’, 
a commercial preparation of hyaluronidase kindly supplied by Messrs Bengers, 
was added to certain salines. It was hoped that any connective tissue com- 
ponent of such a barrier would be attacked by the enzyme, resulting in a 
significant alteration in the action of the salines. The hyalase was added to 
the normal saline at a strength of 1000 u./100 ml. and the muscle was soaked 
in this saline for 3 hr. It was then transferred to zero or 200 mm-Na salines, 
also containing hyalase. No change was observed in the electrical response of 
the muscle fibres as a result of soaking in any of these salines. 


DISCUSSION 
The nerves of the locust (Hoyle, 1953), and possibly of all insects (Hughes, 
1953), are surrounded by a sheath which probably acts as a selective barrier 
and which provides a more favourable ionic environment for the nerve than 
the haemolymph. In the locust this sheath ends at the motor nerve ending 
(Hoyle, 19556). Several of the facts reported here might be considered to 
indicate the presence of a similar kind of selective barrier around the muscle 
fibres of Carausius. These are: (i) the relatively small effect of sodium ions upon 
the size of the action potential; (ii) the high magnesium concentrations re- 
quired to produce neuromuscular block; (iii) the rather long replacement 
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times necessary for changes in the external ionic concentration to exert their 
full action upon the muscle fibres; and (iv) the considerable depression of 


_ neuromuscular transmission which takes place in hypotonic salines. The latter 


could be due to the osmotic passage of water through the barrier, the absence 
of a compensating passage of ions resulting in dilution of the fluid contained 
between the barrier and the muscle fibre. 

There is much evidence against the possibility that any barrier in Carausius 
is actively selective. The absence of any change in the action of salines after 
the application of hyaluronidase is interesting but not at all conclusive. How- 
ever, there are also a number of facts which suggest that the various ions are, 
in fact, reaching the muscle fibres and acting directly upon them, but that in 
some cases their action upon the fibres is different from that expected from a 
comparison with the muscle fibres of other animals. 

Thus, a selective barrier of the kind under discussion might be expected 
largely to exclude magnesium and possibly potassium ions, but to concentrate 
sodium ions around the muscle fibres. In this case it seems probable that after 
transference to a low magnesium saline the barrier would either tend, at least 
for a time, to withdraw even more magnesium from the fluid surrounding the 
fibre; or, if slow acting, maintain the Mg level at its normal value for the 
duration of the experiment. From results obtained with the muscle fibres of 
other animals (del Castillo & Engbaek, 1954; Hoyle, 19552) this should result 
in an enhancement of neuromuscular transmission or in no effect at all. Even 
if the barrier adjusted so rapidly that its action was missed, a depression of 
neuromuscular transmission in low magnesium salines would not be expected. 
The fact that such a depression is observed in Carausius suggests that the 
reduced magnesium concentration is acting directly upon the muscle fibres, 
but the effect is different from that seen in other animals so far studied. 

The long replacement times are adequately explained by the presence of 
tracheolated connective tissue around the groups of muscle fibres, and around 
individual fibres. Hoyle (1953) found that the tracheolated membrane around 
locust muscle acted as a partial diffusion barrier to potassium ions. A com- 
parable tracheolated membrane is present in Carausius, and would be expected 
to exert a similar delaying effect. 

The size of the action potential in different sodium salines varies less than 
might have been expected in view of the results obtained from vertebrate 
muscles (Fatt & Katz, 1952). However, similar variations are observed when 
sodium ions are replaced by TMA ions. It is therefore possible that any 
‘carrier’ mechanism which may be involved in the inward current of the action 
potential (Hodgkin, 1951) is not specific for sodium ions. 

Sodium and TMA ions also influence the rate of rise of the action potential, 
but here their actions are different. Increased sodium concentrations result 
in an increased rate of rise, whereas TMA salines have the reverse effect. If 


4 
} - 


136 


sodium ions are not, in fact, specific carriers of the inward current, it could be 
argued that their major effect is upon the way in which charge is transported 
across the membrane. If TMA ions cannot exert a similar influence, the reason 
for the different rates of rise in the two salines is explicable. It is necessary to 
remember, however, that the reason might equally lie in the relative ability of 
a ‘carrier’ to deal with the two different ions. 

It is thus evident that a selective barrier is not the only possible explanation 
of the alterations in the action potential in sodium and TMA salines. It is 
interesting to note that Fatt & Katz (1953) replaced sodium ions by quaternary 
ammonium ions in the fluids bathing the muscle fibres of certain crustaceans, 
and found that they continued to function as well as, or better than, in com- 
parable sodium salines. They suggested that the results they obtained with 
TMA salines could be explained on the assumption that the action potential 
in these animals involves an influx of calcium or magnesium ions, or an outflux 
of some internal anion; and that sodium plays only an indirect role during the 
production of the action potential, ‘conditioning’ the excitatory reaction of 
the membrane without being a carrier of the current. A similar explanation 
could be applied to Carausius. 

It must be admitted that such an explanation does not account for the fact 
that impulses passing down the motor nerve were able to excite the muscle 
fibres in zero sodium. Histologically, the visible sheath which is regarded as 
the ion barrier which protects the nerve from adverse environmental conditions 
(Hoyle, 1953; Twarog & Roeder, 1956) appears to end at the point where the 
motor nerve ending branches out into the terminal claw, or end-plate. The 
end-plate is therefore exposed to solutions bathing the muscle fibres. If the 
observed facts were due merely to the presence of a passive barrier, then a 
steady but slow decline in both nerve and muscle response would be expected 
with prolonged soaking, since some effect is observable within a few minutes 
of changing the experimental saline. In these experiments, soaking in zero 
sodium extended over 3 hr, and no change occurred in the muscle response 
after the expiry of the experimental time of 30 min; and the nerve was still 
conducting after 3 hr. If, on the other hand, a selective barrier is operating, 
it must be operating only for sodium ions, since calcium and potassium act 
in a comparable way in Carausius and in vertebrates; and a selective barrier 
in respect to magnesium ions has already been rejected. On balance, therefore, 
the presence of motor nerve activity in zero sodium is best left as a fact which 
at present cannot be explained. 

The question arises whether calcium or magnesium, or both, contribute to 
the inward current involved in the production of the action potential. While 
it seems highly probable that calcium ions affect the size and rate of rise of 
the junctional potential, through their influence upon the release of a neuro- 
muscular transmitter, the fact that the active membrane response varies )y 
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only 3 mV between 2-5 and 10 mm-Ca suggests that any contribution of this © 
kind by calcium ions is negligible. 

If magnesium contributes to the inward current, an explanation of the 
decline in size of the action potential at low magnesium concentrations becomes 
apparent. The tolerance of the muscle fibres of Carausius to high magnesium 
concentrations is so striking, however, by contrast with other muscle fibres 
(del Castillo & Engbaek, 1954; Hoyle, 1955a) that it is possible that the 
decline in low concentrations is bound up with the mechanism involved in this 
tolerance. There is no evidence to show what this mechanism may be. 

The suggestion of Fatt & Katz (1952) that in certain crustacean muscle 
fibres an outward flux of some internal anion might be responsible for the 
action current must also be considered in regard to Carausius. Direct evidence 
is lacking, but it is just possible that hypotonic salines depress the muscle 
response by producing an osmotic inflow of water inte the fibre which results 
in the dilution of such an anion within the muscle fibre. Although both the 
resting and action potentials are altered in size by hypotonic salines, the 
reduction in the action potential is greater than the corresponding reduction 
in the resting potential. 

There is nothing to show how sodium and TMA ions alter the magnitude of 
the resting potential. It might be supposed that changes in the resting 
potential, when the concentrations of these ions are altered, merely reflect the 
accompanying change in chloride concentration. However, there is no 
evidence that the muscle fibre membranes of insects are freely permeable to 
chloride ions. In Carausius variation in the magnesium chloride content of 
the bathing fluid over a wide range of concentrations had no effect upon the 
magnitude of the resting potential. 

The effect of calcium upon the resting potential may be connected with the 
shift it produces in the curves relating sodium and potassium permeability to 
the membrane potential of the squid giant axon (Frankenhaeuser & Hodgkin, 
1955). 

The action of potassium ions upon the resting potential appears to be 
similar to that observed in other muscle fibres. The time necessary for replace- 
ment of these ions may be due to tracheolated tissue surrounding the muscle 
fibre membrane; or to a slight impermeability to potassium ions. However, re- 
placement does eventually occur, and the normal resting potential is rather 
low compared with, for example, that found in the locust (Hoyle, 1953) but 
not so low that the functioning of the muscle fibres is seriously impaired. It 
:nay be that in other herbivorous insects with a much higher blood potassium 
level (e.g. see Duchateau et al. 1953) mechanisms may be discovered which 
counteract the effect of such potassium concentrations. Such mechanisms 
are not needed in Carausius. 
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SUMMARY 


1. Analyses of the blood ionic composition of the stick insect, Carausius 
morosus, have confirmed that this animal is a typical herbivorous insect, with 
low sodium and high magnesium concentrations in the blood, resulting in 
sodium: potassium and calcium: magnesium ratios of less than unity. 

2. The effects of changing the sodium, potassium, calcium, and magnesium 
concentrations of the bathing fluid upon the ‘fast’ type electrical response of 
the fiexor tibialis muscle of Carausius have been studied with glass capillary 
intracellular micro-electrodes. 

3. Lowering the sodium concentration results in a decrease in the magnitudes 
of the resting and action potentials, but an active membrane response is still 
present in zero sodium. The rate of rise of the action potential increases as the 
sodium concentration is raised. 

4. When tetramethylammonium ions are substituted for sodium ions in the 
bathing fluid, the magnitudes of the resting and action potentials vary in 
different concentrations to a similar extent to the corresponding sodium 
salines; but the rate of rise decreases as the TMA level is raised. 

5. It is suggested that sodium ions may not be specific carriers of the 
action current, but that they may affect the excitability of the muscle fibre 
membrane. 

6. Calcium ions are necessary for the development of the junctional potential. 
It is suggested that they influence the liberation of a neuromuscular transmitter 
substance. 

7. When the magnesium concentration is raised above about 75 mm the 
action potential declines in size, until neuromuscular block resembling that 
observed in low calcium salines results. This effect is not antagonized by 
calcium ions. 

8. The action potential declines in size when the magnesium concentration 
is lowered below about 50 mm. 

9. A rise in the external potassium concentration results in a fall in the 
magnitudes of the resting and action potentials, but a long replacement time 
is necessary for full development of this effect. 

10. The possibility that a selective ion barrier is present around the muscle 
fibres of Carausius is discussed, and rejected, with reservations in the case of 
sodium ions. 

The author is indebted to Prof. C. M. Yonge for the facilities generously granted in his depart- 
ment; and to Dr G. Hoyle for his helpful criticisms of the rough draft of this paper. 
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THE EXCHANGE OF POTASSIUM FOR CAESIUM AND 
RUBIDIUM IN FROG MUSCLE 
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In 1883, Ringer discovered that potassium, rubidium and, to a lesser degree, 
caesium have similar effects on the frog ventricle. Since then many experi- 
ments have shown that cells of nerve, muscle and other tissues treat two 
groups in the same chemical family differently. 

Potassium, caesium and rubidium cause an increase in the membrane 
conductance of the Carcinus axon when added to the bathing fluid (Hodgkin, 
1947) and rubidium, like potassium, depolarizes frog muscle (Sandow & 
Mandel, 1951). Sodium and lithium, on the other hand, share the ability to 
sustain electrical excitability in frog muscle (Overton, 1902) and squid axon 
(Hodgkin & Katz, 1949). Both ions can apparently be actively extruded from 
frog muscle, although lithium is pumped out much more slowly than sodium 
(Keynes, 1954; Swan & Keynes, 1956). 

Studies with radioactive tracers have suggested that rubidium flux across 
some invertebrate cell membranes is about one-half that of potassium, for 
equivalent electrochemical driving forces. Caesium moves across the membrane 
even more slowly, and in some ways seems intermediate in its effects between 
potassium and sodium (Ling & Schmolinske, 1954; Relman, 1956; Coehlo, 
1957). 

These similarities led us to investigate the conditions under which virtually 
all the internal potassium ion of frog sartorius muscle can be replaced by 
rubidium or caesium. This replacement takes place with little or no increase 
in intracellular sodium. Some properties of the muscle cell membrane are 
described, including estimates of relative ion mobility and measurements of 
the membrane potential. 

METHODS 


The sartorius muscle, with acetabulum attached, was removed from the frog (Rana pipicn:, 
mostly winter frogs). A stainless steel pin was inserted into the acetabulum, and a string ticd 
around the tibial tendon. The muscle was stretched by a 2 g weight, and secured at this length ‘o 
a Perspex rack. Muscle and rack were submerged in about 20 ml. of solution which had access to 
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both sides of the muscle. Bathing solutions were renewed at intervals which depended on the 
length of the experiment. For immersions of one or two days, the bathing fluid was renewed 
several times in this interval, but for experiments of about a week’s duration or longer, renewals 
were made every second day. Because the bathing fluid was 200 times the volume of @ sartorius 
muscle, and the rate of exchange of ions between muscle cell and medium was known from the 
experiment, the bathing fluid approximated to a volume of infinite extent. 

Two to four hours before the end of each experiment, the bathing solution was replaced with an 
identical one, except that 1 % inulin was present. The muscle was then cut free from tibial tendon 
and bone, blotted on Whatman No. 1 filter paper, and placed in a polyethylene test tube. Wet 
weight was determined, and the open test tube left to dry in a vacuum desiccator. After the dry 
weight was obtained 15 ml. of 0-1m-HCl was added, and the tube left during the night with 
occasional shaking. Measurements of the residual cations in the muscle showed that the ion 
concentrations in muscle water, after soaking in acid, and in the bulk acid medium, were equal. 

The fluid containing the muscle cations, and inulin, was then analysed. The method for inulin 
described by Higashi & Peters (1950) was used, with dilution of the soaking medium surrounding 
the muscle as standard. Calculation of the extracellular space was made for each muscle, with 
suitable correction for muscle and reagent blank. The mean values for extracellular space, ex- 
pressed as percentage of wet weight, for three representative groups of twelve muscles, immersed 
in potassium, caesium and rubidium solutions (10 mm; see table of solutions) were 12-9, 12-7 
and 13-3, with standard deviations of 2-6, 3-5 and 3-0. 

Sodium, potassium, caesium and rubidium were measured with the flame photometer attach- 
ment to a Beckman-DU spectrophotometer. Interference corrections were determined by measure- 
ments of standards made from ion mixtures. The hydrochloric acid in the soakout fluid diminished 
emissivity by about 10%. The most serious problem was potassium-rubidium interference, 
particularly when their ratio differed markedly from one. In these cases, special attention was 
paid to the correction procedure. When small amounts of potassium, for example, were present 
along with a large amount of rubidium, the apparent concentration of potassium might be as much 
as 50% higher than the true concentration. When potassium and rubidium were present in 
approximately equal amounts, the correction needed was of the order of 10%. In all instances 
interpolation but not extrapolation was used to find the true ion concentration. From the 
analysis of muscle ion content, wet and dry weight, and inulin space, the intracellular ion concen- 
tration in m-mole/kg fibre water was computed (Desmedt, 1953). 

All chemicals were of A.R., except for inulin, rubidium chloride, caesium chloride and tetra- 
cycline hydrochloride. Rubidium and caesium chloride (Fisher Sci. Co., purified grade) were at 
least 99-5 and 99-7% pure, respectively (analysis by suppliers). Inulin (Pfansteil Co.), and tetra- 
cycline hydrochloride (Pfizer and Co.) had negligible potassium content. 

Solutions were made freshly from stock supplies. They were mostly variations on two themes, 
the first containing 10 m-mole/l. potassium, rubidium, or caesium, 25 m-mole/l. bicarbonate, and 
bubbled with 5% CO,, while the second contained no potassium, and no bicarbonate. The first 
type (see Table 1) is similar to that used by Boyle & Conway (1941) and subsequent investigators 
for maintaining # high internal concentration of potassium, and a low content of sodium. The 
second type has been used for depleting a muscle of potassium and loading it with sodium ion 
(Desmedt, 1953). 

Other solutions, when used,.are described in the text. All contained 0-05 g/l. of tetracycline 
hydrochloride to prevent bacterial growth. Some solutions, indicated in the text, also contained 
disodium ethylenediamine tetraacetic acid, 0-2 mm. 

Solutions for most experiments were made up in singly distilled water, and it is not unlikely 
that they contained traces of metallic ions. Temperature control was maintained to + 1-0° C. In 
all experiments, with a few exceptions, a table of random numbers was used to subdivide groups 
of muscles for immersion in solutions containing potassium, caesium, or rubidium. 

Micro-electrodes for measurement of membrane potential were drawn from 2 mm soft glass 
tubing, and filled by suction and diffusion with methyl alcohol, followed by approximately 
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$m-KCl. Junction potentials were checked as described by Adrian (1956), and electrodes with 
junction potentials of about 10 mV or more rejected. A conventional cathode follower, with grid 
current less than 10- A, was connected to a Varian ink writer, and the membrane potentials read 
from the chart at leisure. 


RESULTS 
_ Replacement of potassium in sartorius by caesium or rubidium 

If muscles are left at 0° C in solutions containing 10 mm-Cs or Rb ion, and the 
usual Ringer’s solution content of Na and other ions (see Methods), a slow 
exchange of cell K for Cs or Rb occurs. The first column of Fig. 1, part A, shows 
the cation content of the muscles (mean of four) after four days in 10 mm-K 
solution. The second and third columns show the results of using 10 mm-Cs 
and Rb, respectively. The control group in 10 mm-K retained K as the pre- 
dominant cation, and showed only modest accumulation of Na. The other two 
groups showed a partial replacement of K by Cs or Rb, with only slight increase 
of Na. This occurred even though the bathing medium contained approximately 
ten times as much Na ion as Cs or Rb. 

A similar group of twelve muscles was left for 6 days, and another group for 
9 days (Fig. 1, parts B and C). At the end of 9 days, replacement of cellular 
K by Rb was about 80% complete, while replacement of K by Cs lagged 
behind slightly. 5 

At 10°C similar results were obtained, but the process, as expected, pro- 
ceeded at a faster rate (Fig. 2). At higher temperatures the exchange was still 
faster. In Table 2 the results are shown for muscles at 25° C. The first group 
was immersed for 1 day in 5 mm-K solution, and the second in 5 mm-Rb 
solution (these are identical with 10 mm-K and 10 mm-Rb solutions listed 
under Methods, except for the lower K or Rb content). At the end of this time 
half the muscle K of the second group had been replaced by Rb. The table 
also shows the ion concentrations of muscles after immersion in 10 mm-Cs or 
Rb solutions. 

Replacement of internal K was nearly complete after 2 days in 10 mu-Rb. 
In three of four muscles, no K (within the error of measurement, which we 
estimate as 5%), was present, and in the fourth 60 m-mole/kg fibre water 
remained. In 2 days the ratio Cs:(Cs+K) was about 90%. (The value a‘ 
infinite time should be 99-5-100%,, depending on the degree of contamination 
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2 days 25°C 


Fig. 3. A: ion content after 2 days at 25° C; first column corresponds to muscles in 50% 10 mm-K 


A 


and 50% 10 mm-Cs; second, to muscles in 50% 10 mm-K and 50% 10 mm-Rb; and third 
to 60% 10 mu-Cs and 50% 10 mm-Rb. B and C: same experiment, 3 days at 25° C, and 


9 days at 10° C respectively. 


Exchange of sodium for caesium or rubidium 
It is also easy to produce Cs and Rb accumulation in another way. 
were placed in 0-2 mm-K solution (identical with Zero mm-K, except 


Muscles 


for the 


presence of KCI in a concentration of 0-2 m-mole/l.), and left at 0° C for 6 days. 


were transferred to an identical solution to which 


At the end of this time they 
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remainder were divided into three groups, and transferred to one of the 
following: (a) an equal mixture of 10 mm-K and 10 mm-Cs solutions; (b) an 
equal mixture of 10 mm-K and 10 mm-Rb and (c) an equal mixture of 
10 mm-Cs and 10 mm-Rb. These were left at 25° C for 3 hr. Table 3 lists the 
results. 

Tasxe 3. Sodium extrusion from sodium-loaded sartorius muscle 


Conon. in m-mole/kg fibre water 
thing Temp. No.of 
Part solutions Duration (°C) Na K Cs Rb Total muscles 
9845 4545 0 0 14847 6 


444i6 83419 2142 0 148415 4 
50% 10 mu-Cs 
3 0-2 mmu-K 6 days 
50% 10mm-Kand 3hr 64412 5546 0 4246 15048 
50% 10 mu-Rb 
4 02 ms-K 6 days 
50% 10 mm-Csand 3 hr 
50% 10 mu-Rb 


See text for composition of solutions and explanation of experiment. Note that the muscles 
in parte 2-4 were first placed in 0-2 mm-K solutions for 6 days at 0°, then transferred to a second 
solution for 3 hr at 25° C. The final ion concentrations should be compared with the ion concen- 
trations of muscles in part 1. s.x.’s of the means are given. 


5345 2844 20+1 5745 15844 4 


At the end of the period in 0-2 mm-K solution the muscles contain, as 
Desmedt (1953) has shown, large amounts of Na and small amounts of K 
(Table 3, part 1). These muscles will rapidly extrude Na and reaccumulate K 
if placed in a Ringer’s solution containing bicarbonate ion and 10 mm-K at 
a temperature near 20° C. 

If we examine the ion content at the end of the ‘ potassium depletion period’, 
and again after the ‘sodium extrusion period’, several points are clear. The 
rates of accumulation of K and Rb were much larger than the rate for Cs. In 
part 2, Na concentration dropped by about 55 m-mole/kg. 70% of this 
deficit was restored by an increase in K concentration, and the remainder by 


Cs entry. Similarly, part 4 shows that at the end of 3 hr, the amount of Rb 
in the muscle was three times the amount of Cs. 


Steady state concentrations of potassium, caesium and rubidium 
The kind of competition experiment described in the preceding section can 
be done in another way. Reference to Table 2 shows that in 2 days muscles in 
either 10 mu-Cs or 10 mm-Rb solutions at 25°C have largely replaced the 
internal K by Cs or Rb. This suggests that a 2-day period is sufficient for the ion 


concentrations of muscles in mixtures of these ions to approach a steady state. 


Fig. 3, part A, shows the concentrations in muscles after 2 days at 25° C 
in solutions containing mixtures of ions. The first column shows the data for 
muscles in an equal mixture of 10 mm-K and 10 mm-Os; the second, in a 
mixture of 10 mm-K and 10 mm-Rb; and the third, in 10 mmu-Cs and 10 mu-Rb. 
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Fig. 3, part B, shows the results of a similar experiment run for 3 days at 
25° C, and Fig. 3, part C, the results of an experiment run for 9 days at 10° C. 
Reference to Fig. 2 shows that in this time, at 10° C, about 90% of the steady- 
state value for Cs and Rb had been reached, and we have assumed that this 
time is also sufficient for the ions in the competition experiment to approach 
a steady state distribution. In all competition experiments Rb reached a 
slightly higher concentration in the muscle cell than K, while Cs concentration 
was distinctly below K concentration. 

After 4 days at 25° C the muscles in these experiments were slightly opaque 
and had Na concentrations which were much higher than in fresh muscles 
(Fig. 2, part A). This set an upper limit to the duration of experiments at 25° C. 


Relative rates of potassium, caesium and rubidium loss from muscles at 0° C 

In the experiments described, the rate of entry, or the steady state distribu- 
tion of K, Cs and Rb depended on at least two factors: the membrane perme- 
ability to each ion species, and the driving forces. In all cases we suppose that 
these driving forces included a chemical process in which Na ion is pumped 
out while K, Cs, or Rb enters, perhaps by an exchange process. The question 
remains of the relative mobility of K, Cs and Rb driven only by electrical and 
concentration gradient forces. We could examine this if we could cut off all 
metabolic processes completely. In frog muscle this is difficult. Dinitrophenol, 
which appears to diminish Na extrusion markedly in Sepia axons (Hodgkin & 
Keynes, 1955) does not decrease Na efflux in frog sartorius (Keynes & Maisel, 
1954). Even at 0° C we have no assurance that the sodium extrusion process is 
entirely stopped. 

A close approach to this can, however, be obtained by loading muscles with 
Cs or Rb, and then changing the environmental conditions so that the muscle 
cells will gain Na. Table 4 shows the results of five experiments. In part a of 
each experiment muscles were allowed to accumulate Cs or Rb until only part 
of the muscle K was replaced by Cs or Rb. At this point half the muscles of 
the group, again selected by an unbiased procedure, were analysed. The ion 
content of these is listed under part a. The other half of the group was trans- 
ferred to a Zero mm-K solution (see content under Methods). They were left 
at 0° C with the usual renewals of bathing fluid. In three experiments this 
second phase lasted 5 days, and in the other two 3 days. The ion content at 
the end of this period is listed in part b in each experiment. 

In all cases a considerable amount of Na was gained, and K, Cs, or Rb lost. 
The log, of the ion concentration is also listed for K, Cs and Rb. This repre- 
sents the mean value (plus or minus the standard error) calculated from the 
log. of the individual values, and therefore differs slightly from the log. of 
the mean ion concentration. These data will be further considered in the 
discussion. 
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Membrane potential measurements 

There is still another way to examine the relative mobilities of K, Rb and 
Cs ions across the cell membrane. Table 5 lists the results of membrane 
potential measurements on muscles soaked at 25°C for 2 days in Ringer’s 
solution containing 10 mm-K, Cs, or Rb. These solutions also contained 0-2 mm 
of disodium ethylenediamine tetraacetic acid (EDTA). This reduced the un- 
bound calcium ion concentration to 0-8 mm. Earlier attempts to measure 
membrane potentials in solutions without EDTA had led to poor results. 
When EDTA was present, however, a small fraction of the fibres was clotted, 
but most appeared normal and were easy to penetrate. (A few measurements 
of membrane potentials in muscles immersed in solutions not containing EDTA 
showed essentially the same results. Conversely, in the presence of EDTA, 
replacement of K by Cs or Rb was nearly complete in 2 days.) 


TaBiz 5. Membrane potentials in muscles soaked for 2 days at 25° C in solutions 
containing 10 mm of potassium, caesium, or rubidium 


Bathing solutions (X =K, Cs, or Rb) 
10 mu-X minus 
2mm-X minus 10 mm-X with 
Ion 10 mu-X 10 mu-X sulphate 
K 61-841 19-443 6-4+1 
Cs 36-342 -13+41 27-343 
Rb 43-043 -2-5+1 29-2+6 


The figures are given in mV, +8.%. of mean. In muscles containing K, Cs, or Rb the bathing 
solution listed refers to K, Cs, or Rb concentration respectively. See text for further discussion. 
The number of muscles used for each value shown varied from 3 to 6. The number of experiments 
ranged from 6 to 12. Ten membrane potential measurements were made in each solution. 


The first column of figures in Table 5 shows the mean membrane potential 
of muscle fibres immersed in 10 mm-K, Cs, or Rb respectively. The second 
column shows the change in membrane potential when the K, Cs, or Rb 
concentration in the bathing fluid was changed from 10 to 2 mm, and vice 
versa. A muscle which had been in 10 mm-Rb for 2 days, for example, and 
which contained mostly Rb, was tested only in solutions of varying Rb content. 
At the same time, chloride concentration was changed by 8 mm. The results 
were nearly independent of the sequence of this change, and all the data in this 
and the following column are pooled. 

Similarly, the third column shows the change after transfer from 10 mu-K, 
Cs, or Rb to a solution containing sulphate ion substituted for most of the 
chloride ion, and vice versa. The composition of the sulphate solution was 
(mm) Na,8O,, 38; NaHCO,, 25; Na,HPO,, 1:6; NaH,PO,, 0-4; KCl or CsCl 
or RbCl, 10; CaCl,, 0; glucose, 27-8; sucrose, 45; EDTA, 0-2; 5% CO, +95 % 
O,. Sucrose was added to adjust the osmotic pressure (see Adrian, 1956). 


(Several experiments with sulphate solutions containing 1 mm of et in 
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addition to the other constituents gave similar results.) It was assumed that 


sulphate ion would have a low mobility in the membrane, and that the only 
effect of substitution of sulphate for chloride ion would be to lower the chloride 
activity in the bathing fluid. In all instances the potential was lower in 
sulphate solution, but the change was much more marked with muscles 
containing Cs or Rb ions. 

Measurements of membrane potential were deferred for 10-15 min after the 
bathing solution was changed. Measurements were usually complete 15 min 
later, but in a few instances they were deliberately continued another half- 
hour, without significant change in the result. Ten or more punctures of the 
muscle fibres were made after each change of solution. The s.z. of the mean 
was usually 1 mV, and occasionally as high as 2 or 3 mV. The variation was 
highest in muscles containing Cs or Rb, bathed in fluid containing sulphate ion. 
Only the mean of these ten punctures was used to compute the difference of 
values cited in Table 5. The s.z. listed in the table are indicative of the 
variance between muscles, which was larger than the variance from fibre to 
fibre in a given muscle. 

DISCUSSION 

The results show that when muscles are bathed in Ringer’s solutions con- 
taining 10 mm-Cs or Rb, almost all the cellular K can be replaced by these 
ions. The important point is that the sodium concentration inside the cell 
remained low, in spite of an electrochemical gradient which would drive 
sodium ions inward. The over-all rate of net exchange of K for Os or Rb was 
markedly temperature-dependent, but even at 25°C, 1 or 2 days were needed 
for exchange. | 

Several experiments at 25° C were done to estimate the expected time for 
nearly total replacement of K by Cs or Rb. Muscles were immersed for 2 or 
5 hr in 10 ma-Cs or Rb Ringer’s solutions. The estimated fluxes were 2-1 and 
4-8 pmole/cm* sec. Taking the volume:surface ratio for sartorius fibres as 
20 x 10-~* em (Keynes, 1954), the internal K content per kg fibre water as about 
150 ma, and the fibre water: whole fibre ratio as about 0°75, we estimate the 
K content. as 2-3 x 10° pmole/cm? of surface. If Cs entered at a rate of 2-1 
pmole/cm? sec, it would take 30 hr for total Cs replacement of K. Similarly, 
with an estimated Rb influx at 25° C of 4-8 pmole/cm® see, it would take 13 br. 
These are minimum figures, because the flux in the opposite direction increases 
as the cell gains Cs or Rb, 


The rate at which ion replacement takes place is determined both by the 


driving forces and the diffusion constant of the ion in the cell membrane. In all 
the experiments described in Figs. 1-3 and Tables 2 and 3, Cs entered the fibre 
much more slowly than Rb. The experiments of Swan & Keynes (1956) 
suggest that part of the movement of K into cells is coupled with the extrusion 
of Na, and we presume that this is true for Cs and Rb as well. This coupled 


the 
were 
Rb 
prets 
a Tes 
perh 
whe 
mar 
exch 
exal 
into 
nece 
| whi 
am«¢ 
cell 
dist 
fav 
Na 
anc 
est 
alo 
wi 
me 
q if 
Ste 
giv 
wh 
n 
Th 


EXCHANGE OF K FOR Cs AND Rb 151 


movement is equivalent to another (chemical) driving force in parallel with 
the electrochemical gradient. 

The data of Fig. 3 in which mixtures of the three ions (taken two at a time) 
were present in the bathing fluid, show the ions were concentrated in the order 
Rb>K>Cs. These experiments, considered alone, have more than one inter- 
pretation. The sequence of steady-state ion concentrations Rb > K > Cs may be 
a result of differences in the efficiency of exchange for Na—i.e. the Na pump 
perhaps being most efficient when Na is exchanged for Rb, and least efficient 
when exchanged for Cs. Alternatively, if Rb, K and Cs leak out of the cell at 
markedly different rates (as Na leaks in), the rates of Na-K, Na-Rb and Na-Cs 
exchange needed to compensate for this leakage will differ greatly. For 
example, if K leakage is very high compared to Rb, it must be pumped back 
into the cell at a very high rate. Two different kinds of experiments are 
necessary to distinguish between these possibilities. 

The experiments which are described in Table 3 were done under conditions 
which favoured exchange of Na for K, Cs and Rb. In a period of 3 hr a large 
amount of Na was extruded. Simultaneously K, Cs, or Rb entered the muscle 
cells. The entry of Cs, whether in competition either with K or Rb, was 
distinctly slower than the entry of K or Rb. 

The experiments shown in Table 4, on the other hand, were designed to 
favour passive transport of K, Cs and Rb and to minimize Na-K, Na-Cs and 
Na-Rb exchange. From the experiments of Table 4, showing loss of K, Cs 
and Rb to an external medium deficient in all three of these ions, we can 
estimate the relative mobilities of ions moving under electrochemical gradients 
alone. Our model is an equipotential cylinder (the cell interior), homogeneous 
with respect to ion concentration over time intervals that are short compared 
to the duration of the experiment, and surrounded by an annulus (the 
membrane). These approximations neglect the correction that must be made 
if the interior of the cell is not a well-mixed compartment (see Harris & 
Steinbach, 1956), and the correction for finite diffusion rates in the extracellular 
space (Keynes, 1954). 

The net flux in moles per unit time per cm’ across each infinitesimal ring of the annulus is 
given by if 

- (1) 


where J, represents the net flux of ionic species i, with a mobility W,, at a concentration C,, 
across a ring of infinitesimal thickness of area A, in the presence of an electrochemical gradient. 
The treatment is similar to that of Ussing (1950). For convenience, the essentials are restated here. 
Consider the ratio of net fluxes for two species, K and Cs, leaving the same cell. 


W, ACx 
W.,ACo, 
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Multiplying numerator and denominator of the right side by 
and # the electrical potential, and rearranging 


fexp (2F¥/RT) (=) 


If we define ji,, as + RT in C,f+z2Fy, where is a constant, and is the activity coefficient, 
assumed equal for both species, then the right-hand side of the equation reduces to: 
Cx exp tw 
where the expression in large brackets is the electrochemical activity (Ussing, 1950). 
This can be integrated, provided J, Wo,/Jo, Wx is a constant. Since the concentration at the 
outer edge of the annulus is zero, and the exponential term cancels after integration 


Jx Wo. (0, t) 
o We (0, ©) 


where the notation (0, ¢) refers to the concentration at the inner edge of the annulus (2=0) at 
any time ¢. 


We note that continuity requires that C,, intracellular concentration, equals C, (0, f) at the 
point z=0. The net flux per unit area is related to the change in concentration in the cell by the 


relation 
IgA _d{Cx(0, 9} 
dt 


(3) 


(8) 
where V is the cell volume, with a similar expression for J,,. We then have, from (5) and (6) 
1 din 1 din 
W. 

From the data in Table 4, this ratio can be calculated. The five experiments 
give the following values: for Wo,/W,, 0-30, 0-12, 0-21; and for Wp,/Wx, 
0-20, 0-21. The s.z.’s of the means for the measurements listed in Table 4 give 
considerable latitude to these ratios. It is clear, however, that Cs and Rb 
leave the cell at a considerably slower rate than does K. 

If we assume that the loss of Cs proceeded at a nearly constant rate over the 
5-day period, the net efflux amounts to about 0-06 pmole/cm*.sec. When Cs is 
placed outside the muscle, however, Na-Cs exchange can occur. The influx of 
Cs at 0° C, measured over a 5 hr period, was about 0-7 pmole/cm?.sec, or 
1] times as great as the efflux. The corresponding efflux rate for Rb (from 
Table 4) was close to the rate for Cs, but the influx at 0° C measured over 2- 
and 5-hr periods was about 1-6 pmole/cm?.sec. This leads us to suspect that 
at 0° C Na exchange for Cs, Rb, and presumably K, does not cease. 

This evidence is consistent with the notion that Cs and Rb movement 
through the membrane, under the force of an electrochemical gradient, is much 
slower than that of K. The membrane potential measurements support this. 


which on integration yields 
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If we choose as our model the Goldman constant field equation 


E= RT In Px[K], + Pxa(Na), + Po(Cl), + P(X), 
F (K), + Pya(Na), + Po(Cl), + P(X),’ 


we can make an estimate of the relative mobility of ions in the membrane 
phase. The P’s are relative mobility constants, as defined by Hodgkin & Katz 
(1949), X refers to Cs or Rb, and the subscripts i and o refer to concentrations 
(more accurately activities) inside and outside the cell. The measured concen- 
trations of ions in fibre water were taken from Table 2. An assumed activity 
coefficient of 0-75 for ions inside and outside the cell was used (except for 0-71 
for ions in sulphate solution; see Adrian, 1956). The electrochemical potential 
of chloride in 10 mm-K, Cs, or Rb was assumed to be the same inside and 
outside the cell, and the concentration thus calculated was considered constant 
over the duration of each experiment. This leads, for muscles in 10 mm-K, Cs, 
or Rb to an estimated cell chloride of 7-6, 20-5 and 15-6 m-mole/l. of fibre water, 
respectively. Using the data for membrane potentials of muscles in three types 
of solution (see Table 5), we have three simultaneous equations which we can 
solve. In the case of muscles containing Cs, we compute Po/P,,, Py,/Po, 
and P,/P,,. Similar ratios for muscle containing Rb are calculated. For 
muscles containing K, the three relations can be used to determine the two 
quantities P../P,; and Py,/P,. The results of choosing equations in pairs are 
similar. 

The computed ratios for muscles containing K, Cs, or Rb are P,,/P, =0-4, 
Po/Po.=8 and P.,/Pp,=13. If we assume somewhat different values ( + 10) 
for the concentration of chloride inside the cell, the major conclusion remains 
unchanged. The mobility of chloride ion in the membrane is larger than that of 
caesium or rubidium. (The absolute mobilities cannot be determined by 
membrane potential measurements alone, and we do not know if P,, increases 
or decreases when cellular K is replaced by Cs or Rb. We cannot divide one of 
the above ratios by the next to find P,/P,, or P,/P,,, and assign physical 


meaning to this.) 


The large P,,/P, ratio, in muscles containing K, may indicate that muscles 


after 2 days of storage are not quite the same as freshly dissected muscles 
(cf. Adrian, 1956). Moreover, after 2 days of immersion at 25° C, muscles in 
K, Cs, or Rb solutions responded to electrical stimulation with somewhat 
variable responses. If muscles were immersed in 10 ma-K, Cs, or Rb solutions, 
and then after 1 day transferred to solutions containing only 5 mm-K, Cs or 
Rb, most of the muscles in the first two groups still responded to stimulation 
with a propagated action potential and a twitch. The ability of muscles im- 
mersed in Cs solution for 1 day to respond to stimulation seems to be related 
to the slower and incomplete replacement of K, compared to mus_les in Rb 
solution. After 2 days of immersion in 10 ma-K, Cs, or Rb, followed by transfer 
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for at least one hour to the corresponding 5 mm solution, only the K-con- 
taining muscle responded with an action potential and twitch. However, both 
Cs- and Rb-containing muscles exhibited local responses. When placed on 
a rack with many closely spaced electrodes and stimulated for 200 msec at 
60 shocks/sec, the maximum tension recorded was often in the range of 50 g. 
This is nearly the maximum tension developed by a fresh sartorius and shows 
that replacement of K by Cs or Rb does not prevent the muscle from developing 
tension. 

The experiments discussed above, although limited in scope, are consistent 
with the idea that K, Cs and Rb are not readily arranged into an immutable 
sequence. When experimental conditions favour exchange for Na, then K and 
Rb are similar. When ions move in the cell membrane by free diffusion under 
an electrochemical gradient, Rb and Cs are similar. 

Recently, Relman, Lambie, Burrows & Roy (1957) have investigated the 
distribution of caesium and rubidium in intact animals. In rats given Cs or 
Rb in the diet the ratio of muscle Cs/serum Cs distinctly exceeds the similar 
ratio for Rb, and this in turn is larger than the ratio for K. The intact rat dies 
at about the time when about half its muscle K is replaced by Rb or Cs 
(Relman et al. 1957). The experiments on isolated frog muscle suggest, how- 
ever, that complete replacement is still a possibility, since Rb- or Cs-containing 
muscles are in some essential respects functioning tissue. Perhaps the optimal 
conditions for complete replacement of K will require the simultaneous substi- 
tution of other ionic species. | 


SUMMARY 


1, Almost, all the potassium in frog sartorius muscle can be replaced by 
caesium or rubidium, with only slight accumulation of sodium ion. 

2. At 0° C the estimated ratio of free diffusion mobilities in the membrane 
of caesium or rubidium, relative to potassium, is about 0-2. 

3. Potential measurements of muscles containing caesium or rubidium 
suggest that the permeability to chloride ion is far greater than to caesium or 
rubidium. The estimated relative ion mobilities in 2-day-old muscles con- 
taining K, Cs, or Rb are as follows: and 
approximately 10. | 
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HEAT PRODUCTION IN NEW-BORN INFANTS UNDER 
NORMAL AND HYPOXIC CONDITIONS 


By HUGH R. BRODIE,* K. W. CROSS anp T. R. LOMER 


From the Departments of Physics and Physiology, 
St Mary’s Hospital Medical School, London, W.2 


(Received 18 March 1957) 


In 1955, Cross, Tizard & Trythall observed that the new-born baby, when 
breathing 15% oxygen, showed a drop in oxygen consumption which aver- 
aged 17%, in full-term infants. Although this was accompanied by a 15%, rise 
in respiratory quotient, calculation showed that if this rise were a measure of 
anaerobic glycolysis the energy so produced would by no means replace 
that lost by the fall in oxygen consumption. It was therefore concluded that 
a fall in energy production might be a primary response of the new-born 
human to hypoxia, whereas the adult shows this phenomenon only when 
hypoxia is very severe. 

This paper describes an attempt to verify this conclusion by a comparison 
of the heat production of babies under normal and hypoxic conditions. It 
was originally planned to use the body plethysmograph (Cross, 1949) to 
measure the minute volume of respiration and simultaneously to measure 
the skin temperature at selected points, the rectal temperature, and the air 
temperatures inside and outside the plethysmograph. As will be explained 
later, the measurements of the skin and rectal temperatures caused restless- 
ness of the babies and so were made only in a limited number of cases. Hypoxic 
conditions were realized by administering 15°% oxygen, but as slight cyanosis 
was observed in some babies the administration of this gas was restricted to 
periods of 50 min, although it was realized that by imposing this limitation 
there would be little time for marked changes in body temperature to occur. 
(Since this work was planned Engelson, Booth & Sjéstedt (1956) working i 
Lund have kept full term babies on 15% oxygen for a week or more without 
apparent ill effects.) Some results of this investigation have already been 
communicated to the Physiological Society (Brodie, Cross & Lomer, 1956). 


* Nuffield Foundation Dominion Travelling Fellow; permanent address, Montreal Children’s 
Hospital, Montreal, Canada. 
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METHODS 


General Hospital. The infants used in this study were full-term and in their first week of life, and 
the experiment was only performed with the mother’s permission. The room was in no way 
temperature controlled, and both in summer and winter there was a hot pipe running round 
three of the walls. In summer weather the room could be shielded from the direct rays of the sun 
by curtains, but the room temperature during different experiments varied between 16 and 
25-0° C. Attempts were made during an individual experiment to keep the temperature more or 
less constant, without creating a draught which played directly on the plethysmograph or the 
room thermometer, but these were only partially successful. On sunny days in summer experi- 
ments had to be abandoned because the temperature was uncomfortably high. Cases were in- 
corporated into this study only if the room temperature was constant to +0-25° C for the period 
under consideration. 

Skin temperature was measured with a 34-gauge copper-constantan thermocouple which was 
stretched tighly across a piece of grooved transparent plastic which was applied either to the 
skin of the left upper quadrant of the abdomen or to the skin of the anterior surface of the left 


The rectal temperature was taken before and after each experiment with a clinical thermometer, 
and during the experiment with another copper-constantan thermocouple sheathed in 2 mm 
polyvinyl tubing which was sealed and smoothed off at the upper end by heat. This was inserted 
2-5 cm into the rectum and held securely in place by tapes. The reference junction for both thermo- 
couples was immersed in a Townson & Mercer Constant Temperature Bath, Type X-148, accurate 
to 0-01° C. This bath was kept at 27°C. The thermocouples were connected through a low 
resistance copper switch to a Kipp Mirror Galvanometer. The minute volume of respiration was 
measured in the body plethysmograph, which had been modified (for another purpose) by the 
application of four turns of half-inch copper tubing heavily soldered to the brass walls. This had 
certainly modified the thermal characteristics of the instrument by increasing its heat capacity. 
The air temperatures were taken with mercury thermometers, one fixed to the inner side of the 
lid of the plethysmograph and the other suspended at a fixed point shielded from draughts in the 
room in which the experiments were performed. Air was drawn over the face of the infant from a 
pipe, one end of which was open outside the building. A special chamber over the infant’s face 
ensured that this was the only source of air, and when 15% oxygen was given it was supplied from 
cylinders through a humidifier into a gas balloon, and thence sucked over the face as for the 
atmospheric air. The oxygen content of the gas cylinders was measured regularly. 

The babies were treated in one of two ways: they were studied in the plethysmograph while at 
rest either during a period of 1 hr while breathing atmospheric air, or during a period of 50 min 
while breathing 15% oxygen after a preliminary period of 10 min breathing air. An experiment 
was accepted for this study only if the infant had remained asleep for the greater part of the hour, 
and crying or restlessness was only admissible for a period of 10 min or less during the entire period 
of observation. It should be noted that these requirements are less stringent than those adopted 
in previous studies reported from this laboratory, but the length of time of observation was 
consistently longer and the manipulation of the infant in preparation for thermometry was more 
disturbing than the techniques we had previously adopted. Well over one hundred experiments 
were performed as described above, but only twelve of these fulfilled our criteria for an acceptable 
experiment. The average rise in rectal temperature of the six controls during the | hr in the plethy- 
smograph was 0-2° C (s.p.+0-6° C) and that for the babies breathing reduced oxygen was 0-14° C 
(8.D.+0-5° C). The skin temperatures of the thigh also rose slightly during the experiment in both 
groups of babies, the average rise for the control group being 1-05° C (s.p. +0-88° C) and for the 
babies breathing 15% oxygen being 0-9° C (s.p.+0-55° C). When it thus became clear that no 
significant difference between the two groups was forthcoming from these temperature measure- 
ments, they were abandoned and an attempt was made to use Hatfield’s (1950) disks to measure 
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the heat flow from selected areas of the body. These disks were difficult to apply to the baby, and 


the use of an adhesive (‘ Nobecutane Spray’, Evans Medical Supplies, Ltd.) had to be abandoned 


as it tended to give rise to skin reaction. We thought it desirable to apply the disks to an area of 


the body which is probably associated with temperature regulation and we chose the soles of the 
feet because these crease less than the palms of the hands and also provide a rather larger flat 
surface. We connected four disks in series in accurately drilled holes in Perspex shoes which could 
be tied with tape to the baby’s feet. This arrangement allowed most of the free surface of the disk 
to be exposed to the air of the plethysmograph, but there was necessarily a small rim at the edge 
which was not so exposed. For this reason the disks could not be accurately calibrated but we 
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Fig. 1. Baby no. 15. Record of various temperatures and pulmonary ventilation 
plotted against time. The baby received 15% oxygen from the 10th min. 


were able to observe changes in heat flow by the direction of change of the galvanometer deflexion. 
The disks were mounted so that they protruded just above the general level of the sole of the shoe, 
being thus closely applied to the skin, but even with the greatest care we were unable to maintain 
consistent contact and we found that changes which seemed to be associated with our experimental 
manoeuvres were far less than those which occurred with the least perceptible movement on the 
part of the baby. The largest changes occurred when the baby placed the plantar surface of one 
foot on the dorsal surface of the other. 

As this method also failed we confined ourselves to observing the volume of respiration, to- 
gether with the air temperatures. With this minimal interference we obtained results which 
satisfied our criteria of the resting state very much more easily. 


RESULTS 


The minute volume of respiration (after initial hyperventilation) was not 
significantly different in the two groups of babies, thus confirming the previous 
observations of Cross & Warner (1951) and Cross & Oppé (1952). Fig. | 
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illustrates the results obtained in one of the earlier infants studied where the 
skin and rectal temperatures were still being measured. It will be noted that 
after conditions had reached a steady state there was a difference between 
the temperature within and without the plethysmograph which became 
almost constant. This difference was greater with the babies who were 
breathing air than with the babies breathing 15% oxygen. In this steady 


state the plethysmograph can be regarded as a calorimeter, and the level to 


which the plethysmograph temperature is raised above the room tempera- 


TasLE 1. Data from the two groups of babies; one breathing air and the other breathing 
15% oxygen. (Box =plethysmograph) 


Baby no. Age Room Box Difference 
and sex Wt. (Kg) (days) temp. (° C) temp. (° C) (°C) 
Breathing air 
1M. 3-35 6 20-2 25-8 5-6 
2 F. 3-60 5 20-0 26-5 6-5 
3 M. 3-26 6 19-8 25-0 5-2 
4F., 3-74 4 16-0 23-0 70 
5 M. 3-49 7 21-9 27-8 5-9 
6 F. 3-37 4 18-8 25-3 6-5 
7 M. 3-99 6 21-0 26-8 5-8 
8 F. 3-62 5 22-3 26-5 4-2 
9M. 2-94 3 23-0 28-0 5-0 
10 F. 2-83 5 22-0 26-8 4-8 
Mean +8.D 20-5 + 2-05 26-2+41-47 5-65 + 0-87 
Breathing 15% O, 
ll M. 3-15 6 20-0 24-3 4:3 
12 F. 3-46 3 23-3 27:3 4-0 
13 F. 2-56 5 22-4 25-8 3-4 
14 M. 3-40 7 210 23-8 2-8 
15 M. 3-71 5 23-8 28-5 4-7 
16 F. 3-54 4 23-8 26-5 2-7 
7 M. 3-99 6 21-3 25-8 4°5 
8 FP, 3-62 5 23-6 26-8 3-2 
17 M. 2-92 7 25-0 28-0 3-0 
10 F. 2-89 3 22-0 25-3 3-3 
Mean +8.D. 22-6 +.1-55 26-2 + 1-52 3-59 + 0-78 


ture is a measure of the rate at which heat is lost from the infant. A direct 
calorimeter specifically designed to measure heat loss in the baby has been 
described previously by Day & Hardy (1942). In using the body plethysmo- 
graph for this purpose we claim to get only an index of the rate of heat loss. 
In order to measure the temperature difference between the inside and 
the outside of the plethysmograph, a period of 12-30 min was selected 
towards the end of an experiment when the temperatures were reasonably 
stable, The average temperatures inside and outside the plethysmograph 
were estimated by eye from the graphed results of an experiment by an ob- 
server who did not know which gas mixture the baby had been breathing. 
Table 1 shows the relevant data from the two groups of infants. It will be 
noted that the mean plethysmograph temperature is the same in both groups 
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of infants, and although this occurred purely by chance it means that, on the 
average, the immediate environment of the babies was the same in the two 
groups. The differing amounts of heat lost cannot therefore be due to any 
environmental factor. It will be seen that the mean temperature difference on 
air was 5-65° C., while on 15% oxygen it was 3-59° C. Student's ¢ test, com- 
paring these means, gave t=5-73 (P<0-001). It will be further noted that 
the three babies who were examined both breathing air and 15% oxygen 
(nos. 7, 8 and 10), each showed a markedly lower temperature difference when 


Box 
Air 
15% O, 


30 45 60 
15% OQ, Time (min) 
Fig. 2. Baby No. 10, F., 2-8 kg. Record of temperatures inside and outside the plethysmograph 
and minute volume plotted against time. O—O, baby aged 5 days breathing air throughout; 
x---x, same baby aged 3 days breathing 15% oxygen from the 10th min. 


they breathed the low oxygen mixture. It would, of course, have been ideal 
to have examined each baby under the two conditions, but it is rarely that one 
finds an infant who will ‘co-operate’ for two such long sessions. To one par- 
ticularly quiet infant, who had fulfilled the criteria listed above while re- 
ceiving 15% oxygen for 50 min, air was then given and the temperature of the 
plethysmograph began clearly to rise, while the room temperature remained 
constant, but unfortunately the steady state was not achieved. 

Fig. 2 shows the example of Baby 10 who was given the two different gases 
on different days, when by good fortune the room temperature was very simi- 
lar on the two occasions: Although the trace of the minute volume shows thet 
the baby was more restless when receiving 15% oxygen, which might have 
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been expected to increase its heat production, it is seen that, in fact, the 
temperature difference between the inside and the outside of the plethysmo- 
graph is much less than when the baby breathed air throughout. 

The fact that the room was not temperature-controlled made it possible to 
compare the performance of babies under different thermal conditions, and in 
Fig. 3 the temperature of the room is plotted against the temperature within 
the plethysmograph for the two groups of infants. The correlation coef- 
ficients were calculated for each group by the methed of least squares and were 


15 17 19 21 23 25 
Room temperature (°C) 

Fig. 3. Temperature inside the plethysmograph plotted against room temperature for both groups 
of infants. ©, babies breathing air; (], babies breathing 15% oxygen. Inset numbers refer 
to babies’ numbers as in Table 1. — ---, calculated regression lines (plethysmograph 
temperature on room temperature) for babies breathing air and 15% oxygen respectively. 


both highly significant (P< 0-001 for both). The regression lines for plethys- 
mograph temperature on fixed room temperature are shown. They indicate 
once more, that for a given room temperature the plethysmograph tempera- 
ture was raised more by the baby receiving air than by the baby receiving 
15% oxygen. 


DISCUSSION 


it is important to assess to what extent the temperature difference between the 
inside and the outside of the plethysmograph provides an index of the total 
heat production of a baby. In the steady state all heat lost from that part of 
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the body within the plethysmograph escapes to the outside by conduction 
through the walls and thence to the room. This quantity of heat is thus directly 
proportional to the measured temperature difference between the inside and 
outside of the plethysmograph. 

In addition to the heat conducted away through the walls of the plethys- 
mograph the infant might lose some heat by evaporation of water from its 
skin if the relative humidity inside the plethysmograph rose during the 
course of the experiment. However, calculation shows that even if the humidity 
increased from 0 to 100% during the experiment the loss of body heat by 
evaporation would not exceed 10% of the total body heat production. 

The remaining heat loss, i.e. from the face and through the breath, can be 
shown by rough calculation to be only a small percentage of the total heat loss 
of the baby. In our experiments the exposed area of the face is of the order of 
2-5-3 % of the body surface. The minimal respiratory water loss as measured 
by Hooper, Evans & Stapleton (1954) is 8-6 g/kg/day. A 3 kg infant would 
thus lose about 25-8 x 0-58 keal/day by evaporation of water in its breath, 
which is roughly 10%, of the total basal heat production of 150 keal/day as 
found by many authors quoted by Karlberg (1952). In our experiments the 
combined heat loss from the face and through the breath is thus only about 
13% of the total heat loss, so that variations in this figure, such as might be 
caused by breathing different gas mixtures, could produce only small changes 
in the total heat loss of the body, and so it is clear that such possible varia- 
tions in no way vitiate our conclusion that the total heat loss falls on breathing 
15% oxygen. Furthermore, the 15% oxygen supplied to our subjects was 
probably warmer and more humid than the air, which was drawn from out- 
side the building. It is likely therefore that less heat was lost by evaporation 
in the breath when the baby breathed 15% oxygen. A more important 
factor would arise if the 15% oxygen caused a significant increase in ventila- 
tion of humidification of the air. Hooper et al. (1954) estimated that the 
normal infant expired air that was about 80°, saturated, and it has been 
shown by Cross & Oppé (1952) that after a very transient hyperventilation 
there is no significant stimulation of respiration by 15% oxygen. It would 
thus seem reasonable to suppose that with both air and 15% oxygen the 
infant would lose an approximately constant proportion of its body heat 
from the face and by respiration, and hence the temperature of the plethys- 
mograph above that of the room would afford a reliable index of heat loss. 

It is now essential to assess whether the heat loss from the baby can be 
equated with its heat production. Heat production will not equal heat loss 
if there is a significant change of mean body temperature. In our experiments, 
where body temperature was measured, there was neither a significant change 
nor a significant difference between the mean changes noted in the two groups 
(average rise of rectal temperature=0-2+0-6° C on air and 0-1440-5° C on 
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15% oxygen). It would therefore seem that the index of heat loss which has 
been measured (difference between the temperatures within and without the 
plethysmograph) may fairly be regarded as indicating that there is signifi- 
cantly less heat production by a baby breathing 15% oxygen than by the same 
baby breathing air. 

The previous work of Cross et al. (1955) and this present work have demon- 
strated, first by indirect and now by a type of direct calorimetry, that the 
new-born infant, when given 15% oxygen, shows a fall in energy production. 
As this is associated with a marked ability in the new-born infant to survive 
prolonged anoxia, it seems reasonable to suppose that at least part of the 
ability to survive is explained by this phenomenon. We have as yet no evi- 
dence whether this fall of energy production by the baby is a generalized 
lowering of cellular metabolism, or whether it is of different degrees in different 
regions. 

SUMMARY 

1. Two groups of new-born infants were studied, one breathing air, and 
the other breathing 15% oxygen. Body and environmental temperatures 
were recorded in an attempt to discover any thermal effects in the infant due 
to an artificially induced state of hypoxia. 

2. It was shown that when the oxygen intake was reduced, the body heat 
production dropped significantly. 


Our thanks are due to the St Mary's Hospital Endowment Fund for a research grant towards 
this work, to the Obstetric Staff and Management Committee of Paddington General Hospital 
for permission to carry out this investigation, and also to Sister Shields for her continued 
co-operation. 
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THE EXPENDITURE OF ENERGY BY MEN AND 
WOMEN WALKING 


By J. BOOYENS anv W. R. KEATINGE 


From the Medical Research Council Department of Experimental 
Medicine, University of Cambridge 


(Received 21 March 1957) 


Benedict & Murschhauser (1915) and Passmore & Durnin (1955) collected 
together and summarized the main observations made on the expenditure of 
energy when walking at different speeds, Edholm, Fletcher, Widdowson & 
McCance (1955) added figures for marching. With few exceptions these obser- 
vations were all made on men. Mahadeva, Passmore & Woolf (1953) found 
no sex difference in the expenditure of energy of persons walking at 3 m.p.h. 
on an indoor track. In observations on two women and four men walking at 
3-5-4 m.p.h., Booyens & McCance (1957) noticed that the women expended 
less energy than the men. Although there are more women than men in the 
population, little is known about the energy normally expended by women 
when they are walking. The expenditure of energy of ten men and ten women 
have therefore been measured while they were walking in order to find out 
(1) the range of individual variation, (2) whether there is a sex difference. 


METHODS 
The age, height and weight of the subjects and also the ratio between their height and the length 
of their legs are given in Table 1. Leg lengths were taken as the vertical distance from the greater 
trochanter to the floor, measured without shoes. 

The experiments were conducted over a straight outdoor level track 300 yards long. The subjects, 
wearing flat-heeled shoes, walked along it for 50 yards before their expired air was collected. This 
was then collected as they walked over the remaining 250 yards and back again. It is believed 
that these measurements of expenditures of energy will be within 5% of steady-state figures; the 
two sex groups will be comparable in this respect. 

Single measurements of gross expenditure of energy and of length and frequency of stride were 
made on each subject while walking at two rates: (1) a leisurely one, and (2) ‘to catch a bus’. 
Each speed was nearly the same within the group except for subject 2. Her leisurely walking 
speed resembled the fast walking of the other subjects, and she was consequently asked to walk 
more slowly, instead of faster, during the second measurement, so that her result could be com- 
pared with those of the others. 

Expired air was collected in Douglas bags (Douglas & Priestley, 1948). A conventional mouth- 
piece and valve holder with inspiratory and expiratory valves and two lengths of standard cor- 
rugated tubing were used in each measurement. The subjects wore the mouthpiece for 2-3 min 

11 PHYSIO, OXXXVIII 


G 
a 
Ag 


166 J. BOOYENS AND W. R. KEATINGE 


before they began walking. The valve holder and mouthpiece were held in the most comfortable 
position by the subjects while they were walking, 8» they were able to swing only one arm. The 
Douglas bags were carried by the observers and in no case were over-filled by the end of the 
collection. For each measurement each subject walked over the course at as constant a speed as 
possible. The time taken by each of the subjects to cover the course was measured with a stop- 
watch, and the number of strides taken was counted, so that speed and the length and frequency 
of the stride could be caloulated for each subject at each of the two rates, Samples of expired air 
were analysed by means of the Hartmann—Braun analyser which was calibrated against a Haldane 
apparatus (Haldane & Graham, 1935) and the volume of expired air was measured on a calibrated, 
dry gas-meter. Calorie expenditures were calculated from the tables of Cathcart & Cuthbertson 
(1931). 


Taste 1. The age, height and weight of the subjects and their height/length of leg ratios 


Women Men. 
Height 

Age Height Weight Height Weight 

Subject (yr) (cm) { of Subject (yr) (em) (kg) 
i 48 164-0 71-0 1-86 ll 57 179-0 52-0 1-88 
2 37 160-0 53-5 1-88 12 50 173-0 68-0 1-87 
3 32 160-5 57-0 1-94 13 41 176-0 64-0 1-90 
4 29 168-5 60-0 1-87 14 32 172-0 53-0 1-88 
5 27 160-0 66-0 1-94 15 30 171-5 64-5 1-92 
6 23 159-0 52-0 1-93 J.B. 24 185-0 88-5 1-84 
7 20 164-0 49-0 1-92 W.R.K. 25 186-0 74-5 1-83 
8 18 172-0 62-0 1-91 18 24 180-0 79-0 1-90 
9 17 157-5 44-0 1-96 19 22 181-0 90-2 1-88 
10 17 167-5 53-0 1-88 20 21 180-0 59-5 1-87 
Mean 26-8 163-3 56-8 1-91 32-6 178-4 69-3 1-88 


The subjects did not all walk at exactly the same speed. The average speeds were 5-44 and 
6-48 km/hr for women, and 5-52 and 6-52 km/hr for men. It has been shown that expenditure of 
energy increases in proportion to walking speed between 3-22 and 6-44 km/hr (Passmore & Durnin 
1955), and is also closely related to body weight (Mahadeva ef al. 1953). It was shown that both 
the length and frequency of stride increase proportionally with speed of walking (Scholtz 1953-4) 
(Figs. 1, 2), and in order to facilitate a general comparison, figures of expenditure of energy and of 
frequency and length of stride have been corrected by extrapolation (if necessary) to speeds of 
5-47 and 6-44 km/hr (3-4 and 4 m.p.h.). In making these calculations the relationships have been 
assumed to be linear, in conformity with the results given in Figs. 1, 2. The error involved in doing 
this can only have been small. 

RESULTS 


Tables 2 and 3 give the expenditure of energy and length and frequency of 
stride corrected to 5-47 and 6-44 km/hr, together with their mean and s.D., 
for women and men. Walking at 5-47 km/hr women expended significantly 
less energy than men per unit of body weight, they took significantly more 
strides per minute, and also significantly shorter strides than men. (P <0-05 
expenditure of energy, P<0-001 for both frequency and length of stride.) 
When the subjects walked at 6-44 km/hr the difference in expenditure of 
energy between the sexes was even more significant (P <0-01). The over-all 
difference between women and men in expenditure of energy, therefore, 
increased with speed. Walking at 5-47 km/hr women expended on the average 
0-44 keal/kg/hr less than men, whereas this difference was 0-74 keal/kg/hr 
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when walking at 6-44 km/hr. These results confirmed the observations of 
Booyens & McCance (1957) and showed the difference was highly significa 
Moreover, this difference is associated with a significantly shorter length 
stride in women. 

In increasing their speed of walking women increased their average frequency 
of stride from 126-4 to 141-1 strides/min, and their average length of stride 
from 72*2 to 76-2 cm. The corresponding figures for men were 106-7 and 114-9 
strides/min and 85-7 and 93-3 cm, so that in putting up their speed women 
increased the frequency of their stride more and its length less than did the 
men. This is also shown in Figs. 1 and 2 which illustrate the way in which 
subject 8 (a woman) and J. B. varied their frequency and length of stride when 
called upon to walk at speeds between 3-22 and 8-85 km/hr. At a walking 


on the level 
Figures corrected to 5-47 and 6-44 km/hr. 
Walking 5-47 km/hr ) Walking 6-44 km/hr 
c 
Subject ) of stride/min (cm) (keal/kg/hr) of (cm) 
1 4-00 127-2 71-6 139-1 77-1 
2 4-40 117-3 77-7 5-56 127-5 84-1 
3 5-25 129-4 70-7 5-42 145-4 73-8 
4 4-26 124-1 73-5 5-05 140-8 76-2 
5 4-70 129-4 70-4 5-42 147-2 728 
6 4-48 132-9 68-6 4-76 145-4 73-8 
7 4-50 127-2 716 4-76 143-0 75-0 
8 3-96 121-1 75-3 5-40 132-3 81-1 
9 444 131-1 69-5 5-16 149-1 71-9 
10 4-92 124-6 73-1 5-18 140-8 76-2 
Mean 4-49 126-43 72-20 5-12 141-06 76-20 
8.D. 0-4 47 2-6 0-3 6-7 3-8 
Tass 3. Expenditure of energy and frequency and length of stride of men walking 
on the level 
Figures corrected to 5-47 and 6-44 km/hr. 
Walking 5-47 km/hr uae 6-44 km/hr 


uency of stride of stride 
— (kcoal/ieg hr) of jmin of jmin (cm) 


12 5-42 107-2 85-0 5-90 119-7 89-6 7 
13 4-75 107-2 85-6 5-08 115-4 92-0 | 
14 5-48 108-0 84-4 6-51 116-2 92-3 q 
15 4-90 107-2 85-3 5-715 118-1 90-8 
J.B. 4-90 103-4 88-1 5-96 112-4 95-4 
W.R.K. 458 102-8 88-7 5-52 111-0 96-6 4 
18 4-80 104-9 86-9 5-98 111-0 96-9 
19 4-58 116-8 78-0 5-60 120-6 89-0 i 
20 5-72 104-9 86-9 6-88 114-6 93-6 . 
Mean 4-93 106-70 85-61 5-86 114-93 93-34 
aD. 0-5 3-96 3-0 0-5 3-7 3-1 ; 
11-2 
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Fig. 1. The effect of varying the speed of walking upon the length of stride taken by a woman 
(subject 8) O--- O, and a man (J.B.), x---x. 
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speed of 4-83 km/hr subject 8 took about 8 strides/min more than J. B., and 
at 8-05 km/hr took about 20 strides/min more than J.B. The latter’s length 
of stride at 4-83 km/hr was about 6 cm greater than that of subject 8, and at 
8-05 km/hr the difference was increased to nearly 13 cm. 

The ratios of height to length of leg of the subjects are given in Table 1. 
These ratios varied very little between individuals and the mean value for 
men, 1-88, was almost identical with that for women, 1-91. 


Tasxe 4. The ratio between the lengths of subjects’ strides and the lengths of their legs 


Women Men 
Length of leg Length of leg 
Subject 5-47 km/hr 6-44 km/hr Subject 5-47 km/hr 6-44 km/hr 
l 0-81 0-87 ll 0-91 1-01 
2 0-91 0-98 12 0-92 0-97 
3 0-85 0-89 13 0-92 1-00 
4 0-81 0-84 14 0-92 1-01 
5 0-97 101 15 0-95 1-02 
6 0-88 0-96 J.B. 1-00 1-09 
7 0-83 0-86 W.R.K. 0-86 0-95 
8 0-83 0-93 18 0-91 1-02 
a) 0-86 0-89 19 0-81 0-92 
10 0-82 0-85 20 0-90 0-97 
Mean 0-86 0-91 0-91 1-00 


Table 4 gives the ratio between the lengths of the subjects’ strides and of 
their legs at speeds of 5-47 and 6-44 km/hr. This ratio was 0-91 for men and 
0-86 for women walking at 5-47 km/hr and.1-00 for men and 0-91 for women 
walking at 6-44 km/hr. The women, therefore, took shorter strides in pro- 
portion to the lengths of their legs at both speeds and the difference between 
the sexes was more marked at the higher speed. 


DISCUSSION 


It is a familiar observation that women walk with shorter strides than men. 
It was found by Derry (1909) that the acetabular fossae of women ‘look more 
forward’ than do those of men. Buchanan (1925) considered that this, and 
possibly shorter iliofemoral ligaments, restricted extension in the hip joints 
of women and accounted for their characteristic gait. In conformity with this 
the women in this investigation took shorter steps in relation to the length of 
their legs than did the men, although none wore sx:rts tight enough to restrict 
their stride. Moreover, this difference in length of stride was associated with 
a lower expenditure of energy by the women. The difference between the sexes 
in both length of stride and expenditure of energy was greater at 6-44 km/hr 
than at 5-47 km/hr. Benedict & Murschhauser (1915) and Steindler (1935) 
showed that the longer the stride, the nearer the pelvis falls to the walking 
surface. Thus, the work performed in the vertical plane was increased when the 
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stride was lengthened. It seems likely, therefore, that the lower expenditure of 
energy of the women was due to the smaller amount of work they performed 
in lifting their bodies vertically. 

Women expended less energy than men at speeds of 5-47 and 6-44 km/hr. 
At higher and lower speeds they may expend as much or more than men. Thus, 
Mahadeva et al. (1953) found no difference in expenditure of energy per unit 
body weight between men and women walking at 3 m.p.h. (4-83 km/hr). 
This can be accounted for by the fact that the difference in length of stride 
between the sexes is small at slow speeds (Figs. 1, 2) and there is, therefore, little 
difference in the muscular effort of walking at slow speeds. Since these same 
authors found that men and women performing a standardized stepping 
exercise expended the same amount of energy per unit body weight, it is unlikely 
that differences in energy requirements between men and women walking can 
be accounted for by a sex difference in muscular efficiency. 


Indwidual differences in energy requirements 

Within each sex there was a considerable variation in the expenditure of 
energy by individuals walking at the same speed. These variations were of the 
same order of magnitude as those found by Mahadeva et al. (1953). Thus, 
subjects 2 and 6, the women who took respectively the longest and shortest 
strides; and W.R. K. and subject 19, the men who took respectively the longest 
and shortest strides, all expended energy at close to the average rate for their 
sex. This lack of correlation between individual expenditure of energy and 
length of stride was present at both 5-47 and 6-44 km/hr. Muscular training 
and efficiency, the weight of clothes, particularly shoes, and slight differences 
in posture and rhythm of movement will all affect individual expenditure of 
energy to a greater or lesser degree. To single out any specific cause appears 
to be impossible. 

SUMMARY 


1. Measurements of the expenditure of energy, and frequency and length 


of stride were made on ten men and ten women walking at approximately 


5-47 and 6-44 km/hr. It was found that: 

2. Women expend significantly less energy per unit body weight than men 
at both these speeds. 

3. Women increased their walking speed mainly by increasing their fre- 
quency of stride. 

4. The smaller expenditures of energy of women were associated with their 
relatively short strides, and it is suggested that their lower expenditures were 
due to the smaller amount of work they perform in lifting the body vertically. 

5. Considerable individual variations in expenditure of energy were found 


within each sex group. These were not correlated with variations in length of 
stride. 
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EXCITATION AND INHIBITION OF RABBIT ATRIA 
BY THE VAGUS NERVES 


By J. H. BURN anv M. J. RAND 
From the Department of Pharmacology, University of Oxford 
(Received 30 April 1957) 


Recently McEwen (1956) has described experiments on the rabbit heart 
isolated with vagus nerves; he also set up atria with vagus nerves and found 
that vagal inhibition was still obtained even after 40 hr. 

Marshall & Vaughan Williams (1956) studied the effect of cooling on isolated 
rabbit atria and found that when the temperature fell to a point which varied 
for different preparations, usually between 15 and 20°C, small potentials 
could be recorded by a pair of external electrodes placed on the pacemaker, 
but these were not propagated and caused no tension change. They found that 
when acetylcholine (10~" g/ml.) was added to the bath, after a latent period of 
one or two minutes ‘large fast-propagated action potentials suddenly took off 
from the pacemaker potentials and large contractions were simultaneously 
recorded ’, 

We have now carried out experiments with McEwen’s preparation of vagus 
nerves and atria to determine the effect of stimulation at low temperature. 


METHODS 


The preparation was made and set up in the isolated organ bath at 29° C in the manner described 
by McEwen (1956), using the same solution. Oxygen with 5% CO, was supplied through a 
sintered glass tube. Each nerve was threaded through a Perspex tunnel in which the stimulating 
electrodes were mounted; a fresh supply of the solution, oxygenated and warmed, flowed slowly 
down both tunnels. 

Stimulation was applied at a rate of 25/sec, with square wave pulses of 0-5 msec duration. The 
strength was supramaximal. The bath which contained the preparation had a volume of 150 ml., 
and the temperature was recorded by a thermometer reading to 0-1° C. 


RESULTS 


Excitation by vagal stimulation 
When the temperature of the bath was steadily lowered, it was observed that, 


so long as the atrial contractions were maintained, stimulation of the vagi 
caused the usual inhibition as shown in Fig. 1 at 20°C. A temperature was 


fina 
had 
con 
stin 
fror 
twe 


. 
‘ 
d 
ya 
t 
a4 
3 
a 
Fi 
ig. 
5 
th 
tan 
Fi 
ig 
i 
‘ 5 


VAGAL EXCITATION OF ATRIA 173 


finally reached at which the contractions ceased. Stimulation of the vagi then 
had no effect, but when the temperature was slowly raised it caused atrial 
contractions as shown in Fig. 1 at 16° C. This excitation of the atria by vagal 
stimulation was obtained in different experiments at temperatures varying 
from 16-0 to 21-5° C, and could be repeated many times. It was observed in 
twenty out of twenty-three preparations, and the failure to observe it in three 


Fig. 1. Contractions of isolated rabbit atria, Upper record at 20° C showing inhibition caused by 
vagal stimulation. Lower record at 16° C taken when the atria were not contracting, showing 
excitation caused by vagal stimulation. R means right vagus only, L left vagus only, 
RL both vagi. 


preparations was probably due to faulty dissection. In thirteen experiments 
the contractions were initiated by stimulating the right and left vagi simul- 
taneously ; in four experiments by stimulating either the right or the left vagus, 
and in three by stimulating the right vagus. In six preparations in which the 
action of atropine sulphate was tested it abolished the excitation, as shown in 
Fig. 2, the lowest concentration which was used being 0-5 x 10-’ g/ml. 
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Excitation and inhibits 

While the excitatory effect did not outlast the period of stimulation in some 
experiments, in others the contractions of the atria having started then 
continued, as shown in Fig. 3. When the vagi were stimulated a few minutes 
later, the contractions were arrested, presumably as a result of the ordinary 


Fig. 2. In (a) and (6) excitation of atrial contractions by vagal stimulation during 1 min. After 
(b) atropine sulphate (10-* g/ml.) was added to the bath. Vagal stimulation was then without 
effect (c). 


Fig. 3. Contractions of isolated rabbit atria at 17-5° C. Tracings (@) and (6) run consecutive! . 
Periods of stimulation each lasting 30 sec were given regularly at 3 min intervals. In (a) 
tractions were first inhibited and arrested by vagal stimulation (St.). The next stimulati 
excited the atria and caused contractions to be resumed, and so on. 
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which the pacemaker potentials can depolarize, and so contractions occur 
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inhibitory action. Some minutes later vagal stimulation initiated the con- 
tractions again, and again they continued until a further stimulation arrested 
them. This sequence of events could be repeated many times in one experiment. 


Effect after many hours in bath 

It was shown previously (Bilbring & Burn, 1949) that when atria were in 
the bath for many hours at 29° C, they finally ceased to beat, but were restarted 
at the same temperature by the addition of acetylcholine to the bath. Observa- 
tions were made in three preparations of the present series to see whether the 
temperature at which vagal stimulation caused excitation changed with the 
length of time the preparation was set up in the bath. It seemed possible 
that the temperature would rise as the period in the bath was prolonged. No 
such rise was observed. In one preparation the lowest temperature for excita- 
tion was 18° C, both after 4 hr and after 22 hr. In a second the lowest tem- 
perature was 16° C after 4-5, 26 and 32 hr. In a third it was 16° C after 1-75, 
7-25, 18 and 29 hr. 


DISCUSSION 


McEwen (1956) showed that stimulation of the vagi caused contractions in 
atria which had ceased. to beat after being suspended for many hours in the 
bath; he also showed that when the addition of acetylcholine had restored 
a regular rhythm, stimulation of the vagi caused inhibition. We have now 
observed that when atria were cooled to a point at which contractions ceased, 
stimulation of the vagi caused contractions to begin again. In some prepara- 
tions the contractions continued after the stimulation had stopped, and when 
there had been a period of normal rhythm further stimulation then caused 
inhibition. Thus both in the conditions of McEwen’s experiments and in those 
of our own, vagal stimulation caused excitation of atria which were quiescent, 
but inhibition of atria which were contracting. 

These observations may be relevant in the first place to the general question 
of the difference between excitation and inhibition. They indicate that the 
nervous impulses reaching a tissue may cause either excitation or inhibition, 
although the transmitter substance released is the same in each case. The need 
to postulate one transmitter substance for excitation and a second for inhibi- 
tion thus may not always arise. 

The excitation of quiescent atria by vagal stimulation is probably dependent 
on the existence of the pacemaker potentials, which Marshall & Vaughan 
Williams (1956) observed. These pacemaker potentials cease to be propagated 
at low temperature because the resting potential is no longer sufficiently 
high to permit depolarization. When the vagi are stimulated acetylcholine 
is liberated, and this raises the resting potential above the threshold at 


i 
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(J. M. Marshall, unpublished). These considerations explain how vagal stimu- 
lation can excite contractions while the stimulation is applied. 

It remains to consider why, in some preparations, these contractions were 
followed by the resumption of a normal rhythm. There is now a good deal of 
evidence that the beating heart, isolated from vagal influences, liberates 
acetylcholine (Briscoe & Burn, 1954; Burn & Walker, 1954; Day, 1956; Burn, 
Vaughan Williams & Walker, 1956). The acetylcholine which is thus liberated 
is most probably formed by choline acetylase, the presence of which was 
demonstrated by Comline (1946). Biilbring & Burn (1949) measured the 
choline acetylase activity in acetone-dried powders prepared from atria, and 
found that it was high in atria which were actively contracting, but was low in 
atria which had ceased to beat after being suspended in the bath for upwards 
of 30 hr. When the contractions were restarted by adding acetylcholine to the 
bath, the choline acetylase activity was then found to be nearly as high as in 
atria freshly set up in the bath. Thus the contractile activity and choline 
acetylase activity appeared to be interdependent. Two further observations 
were made. In the first place the addition of acetylcholine to acetone-dried 
powders prepared from atria which had ceased to beat had the effect of 
stimulating choline acetylase activity in proportion to the amount added. 
In the second place the addition of acetylcholine to acetone-dried powders 
prepared from actively contracting atria had the effect of inhibiting choline 
acetylase in proportion to the amount added. Since in the present experiments 
vagal stimulation not only caused contractions while it was applied but also 
restored the normal rhythm, it is possible that it brought about this second 
effect by augmenting the low choline acetylase activity of the quiescent atria. 
When the choline acetylase activity reached a certain point it provided enough 
acetylcholine to raise the resting potential to a level at which the pacemaker 
impulses could cause depolarization. Thus the acetylcholine formed by choline 
acetylase activity may normally have the function of maintaining the resting 
potential of the atrial cells at a suitable level. When the normal beat was re- 
sumed (Fig. 3) vagal stimulation then caused first inhibition, and afterwards 
arrest. Vagal inhibition has been shown by Hutter & Trautwein (1956) to be 
accompanied by a further rise in the resting potential. Such an inhibition is 
usually transient and does not lead to arrest. However, at the temperature of 
16-5° C the choline acetylase activity which maintained the contractions may 
not have been much above threshold, and may have been inhibited by the 
acetylcholine as in the in vitro experiments. The acetylcholine production 
then became too low to maintain a sufficiently high resting potential, and as 
a consequence the atria were arrested. 
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SUMMARY 


1. Observations have been made using McEwen’s preparation of rabbit 
atria isolated with vagus nerves. At temperatures from 29 down to about 
20° C, stimulation of the vagi caused inhibition. 

2. At temperatures below this and down to 15° C, depending on the pre- 
paration, the contractions ceased. Stimulation of the vagi then caused atrial 
contractions. This stimulant action was abolished by atropine. 

3. In some preparations vagal stimulation not only caused contractions but 
restored a normal rhythm. When this had been maintained for a few minutes, 
vagal stimulation then caused inhibition which was followed by atrial arrest. 

4. The mechanism of these effects is discussed, and it is suggested that one 
of the functions of the acetylcholine formed by the choline acetylase in the 
atria is to maintain a sufficiently high diastolic potential. 
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EFFECT OF TUBOCURARINE ON THE ELECTRICAL ACTIVITY 
OF THE CAT’S BRAIN UNDER CHLORALOSE 


By W. FELDBERG, J. L. MALCOLM ann I. DARIAN SMITH* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Recewed 1 May 1957) 


Recently some of the effects of tubocurarine on the electrical activity of the 
brain have been studied in cats anaesthetized with pentobarbitone (Feldberg, 
Malcolm & Sherwood, 1956). The tubocurarine was either applied topically to 
the cerebral cortex or injected into the lateral cerebral ventricle. These experi- 
ments have been continued, mainly on cats anaesthetized with chloralose 
because of the different pattern of central excitability which this anaesthetic 
produces (Adrian, 1941; Marshall, Woolsey & Bard, 1941). Under pento- 
barbitone evoked responses to afferent nerve stimulation are obtainable in 
limited areas of the brain only, whereas under chloralose many more regions 
are accessible to afferent stimuli and the ‘spontaneous’ activity is greater 
(Amassian, 1954; Albe-Fessard & Rougeul, 1955). 

In the previous experiments the main emphasis was on the effect of tubo- 
curarine on responses evoked by afferent nerve stimulation, although the 
appearance of increased activity of the brain occurring independently of such 
stimulation was also described. In the present experiments more details are 
given about this ‘spontaneous’ increased activity. Further, it will be seen that 
the effect of tubocurarine, at least when applied topically, on evoked cortical 
responses differs under pentobarbitone and chloralose anaesthesia. 


METHODS 


The experiments were carried out in cats anaesthetized either with 40 mg/kg pentobarbitone 
sodium intraperitoneally, or with chloralose (70-80 mg/kg) intravenously. The technique of 
exposure of the cortex, insertion of the Collison cannula into the right lateral ventricle, stimula- 
tion of the left peroneal nerve and recording from the cortex and thalamic regions of the left 
cerebrum was essentially the same as that described previously, except that a fine wick electrode 
instead of a platinum one was used for recording cortical potentials and that the diameter of the 
tip of the focal electrode ranged from 3 to 8yu. This electrode was placed in the desired position 
with the stereotaxic instrument, relying for localization on the drawings of the thalamus by 
Jiminez-Castellanus (1949). To apply tubocurarine topically the liquid paraffin covering the 


* C. J. Martin Travelling Fellow, National Health and Medical Research Council, Australia. 
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exposed cerebral cortex was displaced by warm Locke’s solution containing the tubocurarine. 
The tubocurarine used was the tubocurarine chloride 8.P. of Burroughs Wellcome and Co, London. 
Histology. At the end of each experiment the left carotid artery was cannulated, the chest 
opened, the ascending aorta clamped close to the heart with a large Spencer Wells forceps and the 
head, still in the stereotaxic instrument, perfused, first for a few minutes with 0-9% NaCl solution, 
and then with a 20% formol-30% alcohol-saline solution. After fixation with this solution, the 
whole brain was exposed and cut in the vertical Horsley-Clarke plane so that an appropriate 
transverse segment could be removed. Frozen sections were cut from this segment 24 hr later 
and stained by Kltiver’s method (Kltiver & Barrera, 1953). In some experiments the position of 
the tip of the focal electrode was marked in the living animal by passing a few »A through it. 


RESULTS 


In the previous experiments under pentobarbitone sodium anaesthesia 
(Feldberg et al. 1956) stimulation of the peroneal nerve evoked a response in a 
limited region of the primary sensory area of the posterior sigmoid gyrus. 
The areas mapped did not include the secondary sensory area located in the 
anterior portions of the ecto-sylvian gyrus (Adrian, 1941). In the present 
experiments the mapping was extended to cover this gyrus and evoked 
responses were obtained both in the primary and secondary sensory areas, 
which are synonymous with the somatic areas 1 and 2 of Woolsey (1947). 
A typical experiment is illustrated in Fig. 1. Usually no evoked responses 
were recorded in any other regions. 

Under chloralose anaesthesia the result was different. Evoked responses on 
stimulation of the peroneal nerve were not limited to the primary and second- 
ary sensory areas but were obtained from a much wider area of the cortex. This 
is shown in Fig. 2. The pattern of the responses varied. In the primary sensory 
area it consisted usually of a surface-positive, followed by a surface-negative 
wave and, subsequently, by small fluctuations, In the secondary sensory 
area the response was usually smaller and sometimes either a positive or a 
negative wave only was observed. The voltage of the evoked responses in 
these sensory areas was usually greater than under pentobarbitone sodium. 
In the motor cortex the response consisted of a large positive followed by a 
slow negative wave, which was sometimes as large as the positive wave. 
Further evoked large positive waves occurred in regions mainly posterior to 
the primary sensory area after a small early negative wave. There were 
variations in the patterns'of the responses in different experiments and in one, 
in addition to the early response, a large negative wave was consistently 
evoked about 60 msec after the stimulus in a number of regions posterior to 
the sigmoid gyrus. The positive waves decreased in amplitude laterally and 
posteriorly from the primary sensory area. 

When pentobarbitone sodium was injected intraperitoneally into a cat 
under chloralose anaesthesia it was not possible to decrease the area from 
which evoked responses could be obtained but only to reduce their size and 
duration. The evoked responses became very small and only their initial part 
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Fig. 1, Evoked cortical responses in a cat under pentobarbitone sodium on stimulation of right 
peroneal nerve. At A, diagram of cat’s left cerebral cortex. AS and PS, anterior and posterior 
sigmoid gyrus. At B, enlargement of area in rectangle of A: M, SS, and ES, marginal, 
suprasylvian and ectosylvian gyrus. The responses shown were from the points at which 
each record begins. Upward deflexion recording electrode negative. 


‘ 
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Fig. 2. Evoked cortical responses in a cat under chloralose anaesthesia on stimulation of right 
peroneal nerve. At A, diagram of cat’s left cerebral:cortex; AS and PS, anterior and pos- 
terior sigmoid gyrus. At B enlargement of area in rectangle of A; M, SS and ES, marginal, 
suprasylvian and ectosylvian gyrus. The responses shown were from the points at which 
each record begins. Upward deflexion recording electrode negative. 
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remained. This is shown in the experiment of Fig. 3. On the other hand it 
was possible to enlarge the area from which evoked responses could be obtained 
in a pentobarbitone cat by giving chloralose, as shown from a comparison of 
Fig. 4A and B. In the area in which evoked responses had been obtained under 
pentobarbitone alone, the responses were somewhat reduced in size, but now 
small responses were evoked in previously unresponsive areas. 


Fig. 3. Effect of intraperitoneal pentobarbitone sodium on the evoked cortical responses obtained 
under chloralose anaesthesia. Response evoked by stimulation of the contralateral peroneal 
nerve. In each case the upper record shows the response under chloralose before, the lower 
after, the pentobarbitone injection. The numbers beside the responses designate, in the 
accompanying diagram, the points from which the records were obtained. AS and PS 


anterior and posterior sigmoid gyrus. Upward deflexion recording electrode negative. 


In the previous experiments on cats under pentobarbitone sodium anaes- 
thesia, stimulation of the peroneal nerve evoked scarcely any response in the 
focal record with the electrode tip in the nucleus ventralis lateralis of the 
thalamus. It showed only a few spikes which sometimes also occurred without 
nerve stimulation; scarcely any slow waves were evoked. In contrast, in cats 
under chloralose, stimulation of the peroneal nerve elicited regularly large 
slow waves on the focal record. The pattern of this response consisted of a 
positive wave of a duration of up to 50 or 60 msec, often preceded and 
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followed by negative waves of varying size. Similar slow waves occurred from 
time to time also without stimulation. Fig. 5 illustrates the variation in the 
evoked responses obtained in five different experiments. Often an evoked 
group of sharp spikes of 2-3 msec duration was superimposed on the early 
negative wave. This group of spikes occurred either intermittently or was con- 
sistently present for periods of severai minutes. In addition, similar sharp 
spikes, either in groups or singly, occurred unrelated to the stimulus (record a, 
Fig. 5, and records j, k, 1, Fig. 6, column A) or without the nerve being stimu- 
lated (record f, Fig. 5, and record m, Fig. 6, column A). When they occurred 
in groups their frequency was up to 100/sec. The shortest latency for the 
evoked response in the thalamus was of the order of 15-20 msec, and in- 
variably this was related to the commencement of a slow wave; the latency 
for an evoked spike varied from 20 to 60 msec. 


Fig. 4. Effect of intravenous chloralose on evoked cortical responses obtained under pentobarbi- 
tone sodium anaesthesia. Responses evoked by stimulation of the contralateral peroneal 
nerve. In A the limited distribution of the evoked cortical responses under pentobarbitone 
alone; in B the spread of the responsive area after subsequent injection of chloralose. In C, 
diagram of the left cerebral cortex, the rectangle indicates the area shown in A and B. 
Upward deflexion recording electrode negative. 

An evoked response was obtained not only when the tip of the electrode 
reached the nucleus ventralis lateralis of the thalamus, but at. all levels 
between the cortex and this region. The response consisted of a similar pattern 
of slow waves, though the relative size of the waves often varied at different 
levels. Similar slow waves occurred spontaneously at all levels and there was 
no difference in the frequency of this recurrence at different levels. At certain 
levels spike activity, evoked and spontaneous, was recorded. It was most 
prominent in a region immediately dorsal to the postero-lateral nuclei. A 
typical experiment is illustrated in Fig. 6, column A. The electrode was in- 
serted stepwise and records were taken at about every millimetre. An evoked 
group of large spikes appeared in this experiment over a distance of 2 mm 
(at f, g and h). Subsequent histological examination showed that the electrode 
tip at this level was near the dorsal margin of the postero-lateral nuclei. When 
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traversing deeper this evoked group of large spikes disappeared but re- 


appeared when the electrode was withdrawn to the former level. At 11 mm | 
above the Horsley-Clarke zero plane groups of spontaneous spikes appeared a 
in this experiment (at k, | and m). 4 


A 


50 msec” 
Fig. 5 | 
Fig. 5. Records from the nucleus ventralis lateralis of five cats under chloralose anaesthesia. At gi 
a-e responses evoked by stimulation of the contralateral peroneal nerve; at f spontaneous a 
activity from the same cat as record ¢. Upward deflexion recording electrode negative. The q 
vertical bars represent 300 nV. a 


Fig. 6. Records obtained in a cat under chloralose anaesthesia from different levels of the thalamus 
before (column A) and after (column B) flooding the cortex with tubocurarine solution 
1:1000. At aI responses evoked by stimulation of the contralateral peroneal nerve; at m E 
spontaneous activity. The figures on the right side refer to the height in mm above the q 
Horsley-Clarke zero plane. Upward deflexion recording electrode negative. 

When pentobarbitone sodium (35 mg/kg) was injected intraperitoneally 
into @ cat already anaesthetized with chloralose, the slow waves evoked in 4 
the nucleus ventralis lateralis of the thalamus disappeared and spontaneous : 
spike activity was greatly reduced. a 


Topical application of tubocurarine 4 

In cats under pentobarbitone the flooding of the cortex with tubocurarine . 

1: 1000 did not produce flushing of the cortex, which is a typical effect of the ; 
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intraventricular injections (see page 189) nor did it produce any muscular 
movements except in one experiment in which some weak contractions of 
the neck muscle occurred about half an hour after the flooding. These, however, 
did not necessitate intravenous tubocurarine. In cats anaesthetized with 
chloralose there occurred always at some time after the flooding small con- 
tractions either in the neck, jaw or limb muscles, confined to the contralateral 
side; again they were too weak to require intravenous tubocurarine, In two 
of these cats some flushing of the cortex was observed. 


4 B 


Fig. 7. Responses evoked by stimulation of the contralateral peroneal nerve in the primary 
(columns A and (@) and secondary (columns B and D) sensory areas from two cats under 
pentobarbitone sodium (1 and 2) and from two cats under chloralose (3 and 4) anaesthesia. 
Columns A and B before, columns C and D after, flooding the cortex with tubocurarine solu- 
tion 1:1000. All vertical lines represent 300 .V. The horizontal bar represents 50 msec. 
Upward deflexion recording electrode negative. 


Effect on cortex. In previous experiments on cats under pentobarbitone 
sodium it was found that topical application of tubocurarine on small filter- 
paper disks increased the early evoked response in the primary sensory area 
(Feldberg et al. 1956). This finding was confirmed in the present experiments, 
but the concentration of tubocurarine required to produce a pronounced 
effect of this kind was found to be higher, i.e. 300ug/ml. For these experiments 
the usual method employed for topical application of tubocurarine was to 
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flood the whole exposed cortex for about 10 min with tubocurarine at a 
concentration of 1: 1000 in Locke’s solution. The main difference in the action 
of tubocurarine applied in this way between cats under pentobarbitone and 
under chloralose anaesthesia is illustrated in Fig. 7. Under pentobarbitone 
(Fig. 7, 1 and 2) there was a great increase particularly in the surface-negative 
component of the early evoked response in both the primary (Fig. 7, C, 1 and 
2) and secondary (Figs. 7, D, 1 and 2) sensory areas. Under chloralose (Fig. 7, 
3 and 4) this augmentation occurred in the primary sensory area only (Fig. 7, C, 
3 and 4); the evoked response in the secondary sensory area being either 
unchanged or only insignificantly increased (Fig. 7, D, 3 and 4). 

As in the previous experiments under pentobarbitone sodium, the portion 
of the primary sensory area from which an evoked response could be obtained 
after topical application of tubocurarine did not significantly increase even 
though much higher concentrations of tubocurarine were used in the present 
experiments for flooding the cortex. Similarly, the portion of the secondary 
area from which an evoked response was obtained did not significantly increase 
after flooding the cortex with tubocurarine. In cats under chloralose anaes- 
thesia, in which evoked responses could be elicited from a wide area, the 
enhancement of the early response in the primary sensory area was limited 
to the small area which corresponded to the area of enhancement under 
pentobarbitone anaesthesia. 

The flooding of the cortex with tubocurarine produced, however, additional 
changes both in the cats anaesthetized with pentobarbitone and with chlora- 
lose. It produced in many regions increased ‘spontaneous’ activity consisting 
of large irregular waves, and the appearance or enhancement of slow waves 
following the early evoked responses. The regions where these slow waves 
were particularly conspicuous were not identical in each experiment and their 
pattern varied, though the following generalizations can be made: 


(1) In the primary sensory area the enhanced evoked early response was often 
followed by irregular fluctuations. This is illustrated in Fig. 8 for an 
experiment under ne sodium (at a) and under chloralose 
(at d). 

(2) In the secondary sensory area the enhanced evoked response obtained 
under pentobarbitone sodium was also followed by irregular fluctuations 

(Fig. 8, 8). In cats under chloralose in which tubocurarine did not 

enhance the evoked response, late sharp waves were sometimes recorded 
(Fig. 8, e). They were also seen in other regions ana occurred without 
stimulation but less frequently. 

(3) In the motor area the flooding with tubocurarine an the appearance 


of irregular waves in the experiments under pentobarbitone. They were 


dependent. on the stimulus in so far as they occurred less frequently with- 
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out stimulation. In the experiments under chloralose in which the 
evoked response consisted of a large positive wave followed by a variable 
negative wave before tubocurarine, the pattern was interrupted by a 
number of irregular fluctuations. 

(4) Both in cats under pentobarbitone and under chloralose, random fluctua- 
tions and large waves occurring as late as 100 msec after the stimulus 
were recorded in adjacent areas, lateral and posterior to the primary 
sensory area (Fig. 8,c). Again, they were only dependent on the stimulus, 
inasmuch as they occurred less frequently without stimulation. In cats 
under chloralose, the large positive waves which were often recorded in 
some of these regions before the flooding, were interrupted by irregular 
fluctuations (Fig. 8, f). There was a definite decrease in this more or less 
irregular activity when the electrode was moved more and more 


posteriorly. 


Fig. 8. Responses evoked by stimulation Of the contralateral peroneal nerve in various cortical 
areas before and after flooding the cortex with tubocurarine solution 1:1000. In each pair 
the lower record is after the flooding. Records a—c from a cat under pentobarbitone; records 
d-f from two cate under chloralose anaesthesia (d and f from the same cat). Records a and ¢ 
from primary, 6 and e from secondary sensory area, c from an area postero-lateral and f from 
an area posterior to primary sensory area. All vertical lines represent 300 u.V. The hori- 
zontal bar represents 50 msec. Upward deflexion recording electrode negative. 


Effect on thalamus. Flooding the cortex with tubocurarine 1: 1000 had either 
no, or only a slight, effect on the focal record from the postero-lateral thalamic 
nucleus. In two out of four cats under pentobarbitone no effect was seen 
after the flooding. In the other two there was some increase in random slow 
wave activity and the appearance of an evoked late, very small but consistent 
slow wave, which in the one experiment was preceded by a few spikes. In the 
cats under chloralose the flooding of the cortex seemed always to increase the 
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random slow activity. In one experiment it also affected the evoked response. 
This experiment is illustrated in Fig. 6, column B. The lowest record shows a 
typical random slow positive wave and the two records above show the in- 
crease in the evoked response about 30 min (at 1) and 70 min (at &) after the 
flooding. Whereas 30 min after the flooding it was mainly the late positive 
wave that increased, after 70 min it was the second negative wave which 
dominated the pattern. At this time the electrode was withdrawn stepwise. 
As shown in records 7 and h the negative wave became even more prominent 
when the tip of the electrode was raised first 1 and then 2mm. Further, at all 
higher levels the focal electrode recorded a greatly enhanced evoked response 
after the flooding. 
Intraventricular injections of tubocurarine 

Small doses. In the previous experiments under pentobarbitone sodium 
(Feldberg e¢ al. 1956) the intraventricular injection of 15 wg tubocurarine 
produced no consistent change in the cortical, and a doubtful increase in 
spike activity from the focal record from the posterior lateral nuclei. The 
present experiments were performed in cats anaesthetized with chloralose. 
In these the intraventricular injection of 20 ug tubocurarine produced no 
immediate effect on cortical activity, but within 10-20 min, sometimes even 
later, the pattern of the evoked cortical response changed. Records taken from 
various parts of the cortex showed that the most consistent changes which 
developed were an accentuation of the positive, and an attenuation or even 
disappearance of the negative waves. There was further a greater variability in 
the evoked responses and the appearance of ‘spontaneous’ activity. As in the 
previous experiments the intraventricular injections of 20 ng tubocurarine 
produced muscular contractions of sufficient intensity to require intravenous 
tubocurarine. 

On the focal record the intraventricular injection of 20 ug sometimes pro- 
duced spike activity, ‘spontaneous’ and evoked; however, an intraventricular 
injection of 0-3 ml. Locke’s solution sometimes had the same effect. Apart 
from this spike activity, which could not be attributed for certain to the action 
of the tubocurarine, the injections produced no immediate change; but again 
an effect developed in the course of 10-20 min. The evoked response became 
more accentuated, particularly the positive wave, and was often followed 
by the appearance, or an increase in the number, of late slow waves. In 
addition, ‘spontaneous’ slow waves appeared. This is illustrated in Fig. 9. 

The intraventricular injection of 40 wg tubocurarine accentuated the changes 
already seen after 20 ug, both on the cortical and thalamic focal records. On 
the focal record the afferent stimulus now provoked not only accentuation of 
the positive wave, but more prolonged activity, so that instead of the typical 
pattern of the waves previously seen there were many smaller fluctuations and 
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slow waves which sometimes obscured or even obliterated the original pattern. 
Spikes, if previously present, were sometimes no longer recorded. 

In some experiments the focal electrode was inserted stepwise into the 
thalamus before, and raised again after, the injection of tubocurarine, and 
records were taken at different levels. A typical experiment is illustrated in 
Fig. 10, and the diagrams of the coronal section in the plane of the needle 
(Fig. 11) indicates the tip of the electrode.at the various levels from which the 
records were taken. The upper two were taken with the tip of the electrode in 
the hemisphere, the third with the tip in the upper margin of the thalamus and 
the lower four with the tip well within the thalamus. 


Fig. 9. Changes produced by intraventricular injection of 20 ug tubocurarine in the responses 
evoked by contralateral stimulation of the peroneal nerve in the postero-lateral nucleus of 
the thalamus. Evoked responses before (a) and 2, 11 and 20 min after the injection (at 
b, c and d); spontaneous activity 17 min after the injection (e). Upward deflexion recording 
electrode negative. 


Before the tubocurarine injection the evoked responses consisted at all levels 
of a small positive wave only commencing approximately 120 msec after the 
stimulus. After the intraventricular injection of 40 »g tubocurarine these 
positive responses were slightly increased in size in the thalamus and followed 
at all levels by a variable negative wave which was small in the thalamic 
regions and large in the hemispheres. In the thalamus the negative wave was 
interrupted by a large positive wave about 250 msec after the stimulus and 
was followed by irregular negative deflexions. Similar patterns of large waves 


occurred ‘spontaneously’ and were © positive’ in the thalamus and negative in 
the hemispheres. 
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Large doses. Most experiments were done on cats under chloralose anaes- 
thesia but the results were essentially the same as in cats anaesthetized with 
pentobarbitone sodium. The intraventricular injection of 200 wg or more 
tubocurarine caused a large increase in the evoked responses in all cortical 
areas a8 well as in the thalamic region. In addition, there were periods of 
increased activity independent of stimulation of the peroneal nerve. The evoked 
responses could only be studied in the quiet between these episodes. 


u 


o 


300nV 


Fig. 10 Fig. 1 


Fig. 10. Responses evoked in a cat under chloralose anaesthesia by contralateral stimulation of 
the peroneal nerve at different heights of the thalamus before (column A) and after (column B) | 
an intraventricular injection of 40 ug tubocurarine. The figures on the right side refer to the q 
points shown in the diagram (Fig. 11) of the coronal section in the plane of the electrode : 
track. At the lowest point the tip of the electrode was in the postero-lateral nuclei. Upward 
deflexion recording electrode negative. 

Fig. 11. Diagram of the coronal section of the cat’s brain at 9 mm in front of the Horsley-Clarke 
zero plane, The numbered parts indicate the positions of the tip of the electrode from which 
the corresponding records in Fig. 10 are taken. y 


One of the earliest effects of these intraventricular injections was a con- 
spicuous vasodilatation, which produced a flushed appearance of the exposed 
surface of the cortex. The effect occurred within a minute after the injection 
and persisted as long as the episodes occurred. 

In the primary sensory area the effect on the evoked response was similar 
to that described in cats under pentobarbitone sodium. The increase was 
particularly evident in the surface-negative wave which encroached on the q 
initial .surface-positive wave. This accentuation occurred sometimes only | 
20-30 min after the injection. There were, however, already changes in the | 
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pattern of the evoked response within a few minutes after the injection which 
consisted of the appearance of a variable number of small waves after the 
initial complex. This development is shown in Fig. 12. In motor and associa- 
tion areas there was also a period, before the large increase in the evoked 
response occurred, in which late irregular waves followed the initial evoked 
patterns. The evoked response in the postero-lateral nuclei of the thalamus 
increased earlier than that in the cortex and the first change consisted often 
of additional late waves. Typical changes are illustrated in Fig. 12. 


50 msec 


Fig. 12. Responses evoked in a cat under chloralose anaesthesia by contralateral stimulation of 
the peroneal nerve in the primary sensory area (upper records) and in the postero-lateral 
nuclei of the thalamus (lower records). At a before, at 6 5 min and at c 25 min after an 
intraventricular injection of 200 ug tubocurarine. All vertical lines — 150 »V. 
Upward deflexions recording electrodes negative. 


The ‘spontaneous’ activity which occurred in periods of varying length 
between which the records were more or less quiescent was observed in all 
cortical areas from which recordings were made and in the various regions 
of the thalamus examined. The development of this periodic spontaneous 
activity followed a characteristic pattern and is illustrated in Figs. 14 and 15. 
The exact position of the tip of the focal electrodes as obtained from the histo- 
logical examinations is indicated in the diagram Fig. 13. In the experiment of 
Fig. 14 it is in the nucleus ventralis pars lateralis; in the experiment of Fig. 15, 
at the margin of the zona incerta. In both experiments 200 » tubocurarine 
was injected and the main changes observed were as follows: 


(1) Periods of spontaneous activity occurred first, within 3-5 min, in the focal 
record without concomitant changes in the cortex and at a time when the 
evoked cortical responses were not yet increased. They consisted of regular 
waves occurring first at an increasing frequency and increasing amplitude and 
eventually stopping more or less abruptly. Fig. 14a shows the second episode 
of such activity occurring 5 min after the injection, and the record starts 
when the maximal frequency was reached. The first episode had appeared 
3 min after the injection. Fig. 15-d shows a similar episode, this time the 
first, and was obtained whilst the peroneal nerve was stimulated at a frequency 
of 16/min. In the cortical record this stimulation produced an evoked re- 
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sponse similar to that obtained before the injection (Fig. 15a) but in the focal 
record the response was occluded by the spontaneous activity. 

(2) Between these initial episodes of spontaneous activity when both re- 
cords were relatively quiescent there occurred from time to time isolated 
short bursts, again only in the focal record. On stimulation of the peroneal 
nerve similar large complexes were evoked without pronounced concomitant 


changes in the cortical response. This phase is illustrated in Fig. 15e and f. 


Fig. 13. Coronal section of cat's brain 8 mm in front of the Horsley-Clarke zero plane. The 
black point A gives the position of the tip of the electrode in experiments of Fig. 14; point 
B, position in Figs. 15 to 18. 


(3) The beginning of the next phase (Fig. 16) was indicated by the fact 
that the evoked cortical responses increased in amplitude and showed ad- 
ditional late waves (ata). At this stage the occasional short burst of spontaneous 
activity in the focal record was accompanied by a large cortical wave (at 5). 
Before these short bursts developed into episodes of intense activity in both 
records, they increased in frequency and, in the focal records, underwent 
characteristic changes. An initial large diphasic wave was followed by a kind 
of after-discharge consisting of a variable number of regular waves which were 
only slightly reflected in the cortical record. As these waves developed in the 
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bis 14. In each record the upper tracing is from the primary sensory area of the cortex and the 
lower from the postero-lateral nucleus of the thalamus, in a cat under chloralose anaesthesia 
after intraventricular injection of 200 ug tubocurarine. Position of tip of thalamic electrode 
shown in Fig. 13.4. Records a and 6 part of the second episode 5 min after the injection; 
records e, f part of an episode starting 70 min after the injection. Between c and d, 30 sec, 
between d and ¢e 95 sec and between ¢ and f, 40 sec interval. Upward deflexions recording 
electrodes negative. The voltage calibration refers to the focal electrode (for details see text). 
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focal record they increased in frequency and number, but decreased in ampli- 
tude and often filled nearly the whole interval between the bursts. This phase 
passed rather abruptly into maximal cortical and thalamic activity consisting 
of more or less regular waves. Synchronization between cortical and thalamic 
activity developed only gradually throughout the episode, being more ap- 4 
parent first between the large waves and becoming most complete at the end | 
before the episode ended abruptly. These features are illustrated in Fig. 14, ] 


c-f, and Fig. 16, b-e. Fig. 17 illustrates in addition the asynchronisms during i 
the early phase of an episode. For instance, the large cortical waves at a q 


| 


sec q 
Fig. 15 Fig. 16 | 


Fig. 15. In each record the upper tracing is from the primary sensory area of the cortex and the 
lower from the margin of the zona incerta in a cat under chloralose anaesthesia. Position of 
focal electrode shown in B of Fig. 13. Stimulation of contralateral peroneal nerve at a 
frequency of 16/min; times of stimuli indicated by arrows. Record a control; record 6 first 
episode confined to focal electrode about 3 min after intraventricular injection of 200 pg 
tubocurarine. Between 6 and ¢ 7 sec, between c and d 11 sec interval; ¢ and f 22 min after 
the injection. Upwards deflexion recording electrode negative. The voltage calibration 

refers to the focal electrode (for details see text). 

Fig. 16. Continuation of the experiment shown in Fig. 15. Record a obtained 43 min after the 


injection. Interval between a and 6 10 min, b and c 12 sec, c and d 25 sec and d and ¢ 32 sec. 
Stimuli applied to the peroneal nerve at the times marked by arrows. 
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occurred at relatively regular intervals and the pattern of the focal record 
seen in 6 also occurred regularly. 

(4) The episodes of intense activity often occurred at such regular intervals 
that the approximate time of onset was predictable. They occurred first at 
intervals of a few minutes and lasted for 1-4 min. When larger doses than 
200 wg were given, the intervals between the episodes became much shorter 
and at times there was no quiescent period between. 


50 msec 


Fig. 17. Same experiment as Fig. 16 showing asynchronism (at a) at an early stage of a full 
episode obtained after a second intraventricular injection of 200 ug tubocurarine given 
107 min after the first. Upper tracings from the primary sensory area and lower tracings 
from the margin of the zona incerta. (Point B, Fig. 13.) The horizontal bar represents 50 msec ; 
the vertical bar 250 pV for the cortical tracings and 500 »V for the tracing from the zona 


1 sec 
Fig. 18. Continuation of experiment shown in Fig. 16 showing part of an abortive episode about 


70 min after the first injection of 200 ug tubocurarine; b taken a few seconds after a. The 
voltage calibration refers to the focal electrode. . 
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(5) When the effect of tubocurarine declined, usually after 1-5 hr, the 
intervals between the episodes lengthened and the duration of the episodes 
shortened. Later only short abortive episodes were seen which did not develop 
beyond the usual prodroimic symptoms characterized by periods of regular 
waves in the focal record. Such an abortive episode is illustrated in Fig. 18. 
When a new injection of 200 wg tubocurarine was given intraventricularly 
full episodes were again elicited. | 

(6) In several experiments it was possible to precipitate a full episode, or 
at the later stages abortive episodes, by a few regular stimuli to the peroneal 
nerve. 


DISCUSSION 


The difference in the responsiveness of the brain to afferent nerve impulses 
under the two conditions of anaesthesia examined requires comment. What is 


it that determines the differences in the action of pentobarbitone and of | 


chloralose, so that under the influence of the former there is much less spon- 
taneous activity, the response to afferent impulses in the peroneal nerve is 
restricted to the two discrete sensory areas in the cortex and none or only 
a small response is evoked in the posterior lateral nuclei of the thalamus; 
whereas under chloralose anaesthesia wide areas of the cortex respond to the 
afferent volley which in addition evokes large responses in the thalamic 
nuclei, and at all levels between them and the cortex, showing that under 
chloralose the responsiveness to afferent impulses is widespread in cortical 
and in subcortical regions? 

We know from the experiments of French, Verzeano & Magoun (1953), as 
well as from Arduini & Arduini (1954), that the evoked cortical response in the 
sensory area, which ascends the classical somatic afferent pathway and is 
relayed through the ventral nucleus of the thalamus, is resistant to pentobarbi- 
tone sodium, whereas the afferent impulses, which pass via collaterals sent 
off from the classical afferent path to the ascending reticular system, are 
vulnerable to this anaesthetic so that evoked responses recorded in this 
region disappear quickly under pentobarbitone anaesthesia. In our experi- 
ments under pentobarbitone it was found that the sensory areas of the cortex 
remained responsive to the afferent impulses, even if the response was smaller 
than that evoked under chloralose anaesthesia. Infrequently was any evoked 
response recorded with the focal electrode inserted into the thalamus, and the 
cortical areas from which evoked responses could be elicited were restricted to 
the sensory areas. It is not surprising that in our experiments under pento- 
barbitone searcely any evoked responses were recorded from the thalamus 
although it is the site of relay for the primary classical afferent pathway, 
because, as shown by Mountcastle & Rose (1952) and by Gaze & Gordon (1954), 
the sites of the relays are located in discrete areas and no attempt was made 
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to search for them. In addition, these authors reported on the appearance of 
evoked spikes only, whereas the present experiments were mainly concerned 
with the large slow waves evoked by the afferent impulses. The unresponsive- 
ness of the thalamus under pentobarbitone could mean either that the activity 
in this region, as in the ascending reticular system and in other subcortical 
structures, is vulnerable to pentobarbitone, or that these regions depend upon 
facilitation from the ascending reticular system and therefore become silent 
when this system is blocked by pentobarbitone. 

The difference observed in the evoked cortical responses between the two 
types of anaesthesia could also be explained on the grounds that pentobarbi- 
tone limits the spread from collaterals of subcortical structures to the cortex. 
However, this explanation cannot account for the finding that the cortical 
area from which an evoked response is obtained under pentobarbitone in- 
creases on subsequent administration of chloralose. To account for this finding 
one can suppose that chloralose has a direct excitatory effect which partly 
counteracts the pentobarbitone. Another possibility is that chloralose blocks 
mainly inhibitory, and pentobarbitone mainly excitatory, connexions. 
Neither of these possibilities is sufficient to explain the finding that with 
topical application of tubocurarine the evoked response in the primary sensory 
area is augmented under pentobarbitone and chloralose, whereas the evoked 
response in the secondary sensory area is augmented under pentobarbitone 
only, giving the impression that the tubocurarine-sensitive units in this area 
are blocked by chloralose. 

The spontaneous activity as well as the evoked response encountered in the 
thalamic penetration under chloralose was of two types, slow waves and 
sharp spikes. The fact that the spontaneous slow waves were found with equal 
frequency at all levels made it impossible to designate any particular area as 
being their probable source. On the other hand, spontaneously occurring 
sharp spikes appeared most consistently in a region immediately dorsal to the 
postero-ventral nuclei. This level is close to the areas depicted by Gaze & 
Gordon (1954) as responding to tactile stimulation of the head and thus sug- 
gests a similar sensory origin. Since in the preparation used in the present 
experiments there must be considerable stimulation of sensory receptors by 
the ear, mouth and orbital clamps of the stereotaxic apparatus as well as by 
the cut margins of the skin of the cat’s head, the spikes may well represent 
axonal action potentials from receptors in these regions arriving at the thala- 
mic relay areas. 

The range of latency for both types of evoked thalamic responses is within 
the range given by Gaze & Gordon (1954) for afferent volleys in the different 
components of the saphenous nerve, and it is conceivable that while the evoked 
spikes indicate the arrival of action potentials in axons or their cells at 
different times the slow waves may be interpreted either by temporari!y 
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dispersed short duration activity of a large number of cells, or, more likely, by 
longer lasting activity in dendrites of relatively fewer cells following the arrival 
of volleys in the fastest axons. The relatively discrete localization of electrical 
signs as @ result of activity in axons in comparison with the wide area involved 
when dendrites are active would account for the fact that the earliest slow or 
dendritic wave is recorded at all levels of the thalamus but that spikes are 
recorded at localized points only and with varying latencies. 

In the previous paper it was pointed out that tubocurarine by topical 
application does not reproduce all the effects it produces on intraventricular 
injection. This conclusion is confirmed by the results of the present experiments 
in which the exposed cortex was flooded with a tubocurarine solution of a 
concentration of 1:1000. Even this high concentration did not elicit the 
characteristic features of intraventricular injections, i.e. the intense flushing 
of the cortex, the widespread muscular contractions and the generalized 
increased electrical activity over wide areas of the cortex and in the thalamus. 
Instead, the topical application, apart from its effect on the evoked responses 
in the sensory areas, caused only occasional flushing of the cortex, slight 
motor activity and some random fluctuations, and large waves in areas lateral 
and posterior to the primary area. Thus topical application of a strong con- 
centration of tubocurarine can produce some cortical excitation. Some of it is 
corticofugal as evidenced by the slight motor activity. In contrast to the 
strong activation of the thalamus by the intraventricular injection, the topical 
application of tubocurarine had usually no, or only a slight, effect in this 
region, suggesting that no, or only a few, corticothalamic connexions are 
involved in this cortical excitation. 

A common feature of records obtained at all levels in penetrating the thala- 
mus is a positive wave. It is sometimes the sole response, sometimes it is 
preceded and followed by negative waves of varying size and duration. When 
the positive wave is the sole response, or when it is followed by a negative wave, 
it is reasonable to assume that it is from units which are activated some dis- 
tance away from the tip of the electrode and that the response spreads to the 
region of the tip in a varying number of these units to produce the negative 
wave. Since an intraventricular injection of a small dose of tubocurarine 
increased this positive wave and led to a following negative wave, even when 
it had not been present previously, the injection must have produced an 
increase in the excitability of the pathway involved in the early positive 
response. In addition the injection greatly increased the excitability of 
another slower or longer pathway to the thalamus as indicated by the large, 
late, positive wave which occurred at a time at which the evoked response, 
recorded before the tubocurarine injection, was over. Thus the tubocurarine 
excites previously quiescent pathways and this excitation is sufficient to start 
Bi i responses which are conducted to the tip of the electrode. As with 
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the earlier response, the positivity indicates that the main site of excitation is 
some distance away from the electrode, but no evidence is supplied as to the 
actual site of this excitatory effect, except that it is clearly not from the 
lateral regions of the thalamus. Since the injection of 40 »g tubocurarine 
causes the appearance of a large evoked negative wave at about the same time 
as a large positive wave occurs in the records taken from the subcortical 
white matter, there is the possibility that the cortex is the source of the excita- 
tion for the late evoked positive wave in the thalamus. In that case the 
evoked negative wave recorded in the hemisphere would be the sign of a 
volley descending from the cortex to the thalamus. This would imply, how- 
ever, that a highly active cortex is produced by the intraventricular injection 
of 40 wg tubocurarine. Yet this dose never produced such a condition. More- 
over, the results obtained by topical application of tubocurarine are also 
against this explanation. Even in the one experiment in which flooding the 
cortex with tubocurarine 1 : 1000 affected the evoked response in the thalamus, 
the change consisted in an enhancement of the earlier negative wave, which 
implies that the activity reached right to the region of the tip of the electrode, 
and was therefore not comparable to that indicated by the late positive wave 
obtained after the intraventricular injection of a small dose of tubocurarine 
and resulting from activity at some distance from the tip of the electrode. It 
may well be that the evoked negative waves in the hemisphere are the result 
of the increased activity following the initial positive wave occurring about 
120 msec after the stimulus, originating in subcortical structures and inter- 
rupted in the records obtained from the thalamus by the late positive wave. 
The abrupt onset of this wave from a small negative one is consistent with this 
interpretation. At present it is therefore only possible to say that the main 
centre of excitation produced by the intraventricular injection of a small dose 
of tubocurarine probably does not lie in the direct afferent pathway, but in a 
region on some indirect route. 

Apart from the changes in evoked responses, the intraventricular injection 
of tubocurarine produced episodes of abnormal ‘spontaneous’ activity in 
cortical and subcortical regions. As pointed out by Samson Wright (1955) 
this activity showed all the features usually associated with convulsive 
activity and is therefore possibly responsible for it. However, at the present 
stage of our knowledge it is not possible to associate the episodes definitely 
with the convulsive activity produced by tubocurarine on intraventricular 
injection. The finding that in many instances it was possible apparently to 
induce an episode by afferent nerve stimulation suggests that the background 
activity may often act as the conditioning mechanism for these episodes. 
We do not know at which region of the brain the tubocurarine acts when it 
causes these episodes of abnormal activity; if, as we suppose, the site is close 
to the ventricular lining, the abnormal activity recorded from a focal electrode 
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in the thalamus, several millimetres away from the ventricular lining, must 
be from regions which are not directly affected by the tubocurarine itself but 
activated by connexions with those regions on which the tubocurarine acts. 
It is interesting that these thalamic regions are activated earlier than the 
cortex because it was found that the initial episodes occurred in the thalamic 
region but not in the cortex. At this early stage the waves were very regular, 
which suggests that the neurones of a small section of the total population in 
the region were discharging synchronously. When at later stages of the tubo- 
curarine action the number of neurones excited became larger, the activity 
became less synchronous, and spread so as to involve the cortex. The fully 
developed episodes often began and terminated with bursts of activity that 
started simultaneously at both sites, but with only a certain amount of 
synchronism between them during the height of the episodes. At even later 
stages, when the tubocurarine action was wearing off, cortical episodes were 
sometimes recorded without or with little concomitant activity in the thalamic 
region. These findings give no information of either the site of origin, or of 
the actual spread of the abnormal activity which characterizes the episodes, 
but they do indicate that the nature of the episode must be determined to 
some extent by the local conditions in the various regions involved. 

The flushing of the cortex which occurred regularly on intraventricular 
injection of large doses of tubocurarine could not be due to a direct action of 
tubocurarine on the vessels of the cerebral cortex since it did not occur, or 
only occasionally, when the cortex was flooded with strong tubocurarine solu- 
tion. It must be the result of the increased neuronal activity. In fact it is 
known that during increased cortical activity vasodilatation occurs in those 
regions of the brain which are activated (Penfield, von Santha & Cipriani, 1939). 
According to Penfield & Jasper (1954) the vasodilatation is brought about in 
the active brain tissue by the formation of a substance ‘such as carbon dioxide 
or perhaps an unidentified substance’. The substance may well be a poly- 
peptide such as substance P which is known to occur in the brain, or brady- 
kinin which might be formed by a mechanism analogous to that responsible 
for the functional hyperaemia in the salivary glands described by Hilton & 
Lewis (1955). 

SUMMARY 

1. The evoked responses of the cat’s brain to stimulation of the contra- 
lateral nerve were compared under pentobarbitone sodium and under chlora- 
lose anaesthesia. 

2. Under pentobarbitone sodium evoked cortical responses were obtained in 
a limited region of the primary and secondary somato-sensory area only, 
whereas under chloralose a much wider area of the cortex was responsive to 
the afferent volley. 

3. Pentobarbitone sodium injected into a cat anaesthetized wets — 
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lose reduced the size of the evoked cortical responses but not the area involved, 
whereas chloralose injected into a cat anaesthetized with pentobarbitone 
sodium enlarged the area responsive to the afferent volley. 

4. Under pentobarbitone sodium scarcely any evoked responses were 
recorded in the nucleus ventralis of the thalamus whereas under chloralose 
large slow waves were evoked from all levels of the thalamus. In addition, 
spike activity, spontaneous and evoked, was recorded at various levels of the 
thalamus. When pentobarbitone was injected into a cat anaesthetized with 
chloralose the evoked slow waves disappeared and the spike activity was 
reduced. 

_ 5. The effects of topical application of tubocurarine were examined by 
flooding the exposed cerebral cortex with a solution 1:1000 and compared in 
cats under pentobarbitone sodium and under chloralose anaesthesia. 

6. Under pentobarbitone sodium the topical application caused no flushing 
of the cortex, i.e. no visible vasodilatation, and only once weak muscular con- 
tractions, whereas under chloralose it produced sometimes flushing and always 
weak muscular contractions. | 

7. Under pentobarbitone sodium the topical application greatly increased 
the evoked responses to contralateral peroneal nerve stimulation in the primary 
as well as in the secondary somato-sensory area, whereas under chloralose 
it affected in this way the evoked responses in the primary area only. Under 
both anaesthetics it increased the spontaneous activity and led to the appear- 
ance or enhancement of slow waves following the early evoked responses in 
many cortical regions. 

8. The topical application had little effect on the activity in the thalamus. 
An effect was more rly obtained under chloralose than under pento- 
barbitone sodium. It consisted of an increase in random slow wave activity 
and the appearance or enhancement of an evoked slow wave response. 

9. The effects of intraventricular injections of small (20-40 ») and large 
(200 wg or more) doses of tubocurarine were examined in cats anaesthetized 
with chloralose. The results were essentially the same under pentobarbitone 

10. The intraventricular injection of small doses of tubocurarine caused 
definite changes in the responses evoked by contralateral stimulation of the 
peroneal nerve. The evoked cortical responses showed an accentuation of the 
positive and an attenuation or disappearance of the negative waves. The evoked 
thalamic responses showed an accentuation of the positive wave followed by 
the appearance of a number of late slow waves. In addition, spontaneous 
slow waves appeared in the cortex as well as in the thalamus. 

11. The intraventricular injection of large doses of tubocurarine caused 
flushing of the cortex and a great increase in the evoked responses and in the 
spontaneous activity in all cortical areas as well as in the thalamus. The first 
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change in the evoked responses consisted of the appearance of a variable 
number of small waves after the initial complex. The increased spontaneous 
activity occurred in periods of varying length (episodes) between which the 
records were more or less quiescent. The development of the episodes showed 
the following characteristic pattern: 


(a) Episodes occurred first in the thalamus, without concomitant changes in 
the cortex, at a time when the evoked cortical responses were unaffected. 
These initial episodes consisted of regular waves. 

(6) Later short bursts of activity in the thalamus and in the cortex developed 
into episodes of intense asynchronous activity at both sites. 

(c) Synchronization between cortical and thalamic activity developed gradu- 
ally and became more pronounced before an episode ended abruptly. 

(4) When the effect of tubocurarine declined, there occurred abortive episodes 
in many ways resembling the initial ones. 

(e) It was often possible to precipitate an episode by a few regular stimuli to 
the peroneal nerve. 
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OBSERVATIONS ON THE CEREBROSPINAL FLUID PRESSURE 
; IN THE PERFUSED CAT PREPARATION 


By H. F. GRUNDY anv F. HOWARTH 
From the Department of Pharmacology, University of Cambridge 
(Received 6 May 1957) 


The studies of Howarth & Cooper (1949), Adams (1951), Sweet & Locksley 
(1953) and Sweet, Brownell, Scholl, Bowsher, Benda & Stickley (1954) suggest 
that after introduction into the subarachnoid space certain naturally occur- 
ring ions may pass into the general circulation via the local venous drainage. 
A similar route appears probable for spinal anaesthetics (Howarth, 1949; 
Helrich, Papper, Brodie, Fink & Rovenstine, 1950) and for even more abnormal 
substances (Howarth & Cooper, 1955). It thus becomes of interest to deter- 
mine the relative parts played by the venae cavae and the azygos vein in the 
final venous drainage of the subarachnoid space. In the intact animal, how- 
ever, a quantitative investigation of this problem is complicated by the 
recirculation of an absorbed test substance through these channels. It appeared 
that this might be avoided if, during an absorption experiment, the blood 
passing via each great vein was separately deviated into a container, while 
fresh blood was continuously supplied to the right side of the heart. In 


addition, by placing certain of the major cardiovascular variables under direct | 


control, such a technique would be of value in an examination of the mechanisms 
for the maintenance and modification of the cerebrospinal fluid pressure. 

To meet these requirements a perfused cat preparation was developed. An 
indication of the ‘physiological state’ of the perfused animals was obtained 
by comparing their total systemic blood flows with those of intact anaesthetized 
cats. This preparation was used for a study of the influence of certain circu- 
latory changes upon the cerebrospinal fluid pressure. 


METHODS 

Apparatus 
The general circuit and arrangement of components are shown in Text-fig. 1 and Pl. 1. Apvct 
from the Perspex tap P, the apparatus was made of unsiliconed glass with connecting tubes of 
polyvinyl and unvulcanized rubber. The widest practicable thin-walled glass cannulae were used 
for the great vessels. This apparatus required approximately 400 ml. of blood which was in contact 
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with a total surface of about 900 om*. The thermostat maintained the blood input temperature at 
that within the rectum before perfusion. 

Perfusion blood. In the first three experiments, ox red cells washed in 0-9% sodium chloride 
solution and resuspended in cat plasma were used. In the remaining seventeen, the perfusate was 
cat blood. To obtain this, cats of 3-5 kg were anaesthetized with ether, venepuncture performed 
at a saphenous vein and a 0-75 mm bore polythene or nylon tube passed via the lumen of the 
needle into the inferior vena cava. Five mg heparin in 1 ml. saline was injected through the tube 
and blood was withdrawn as rapidly as possible into a lightly paraffined syringe. Periods of 
respiratory arrest or collapse of the inferior vena cava with blocking of the caval tube limited the 
volume of blood withdrawn, which was usually about 110 ml. This blood was set aside in a non- 
siliconed beaker containing 20 mg heparin, and 60-80 ml. ‘ Dextraven’ (Benger, 6% dextran in 
0-9% sodium chloride) or stored plasma was returned to the animal. Thirty cats were kept as 
blood donors. In later perfusions, cells and sera of donors and perfusion animal were compatible 
as previously determined by a simple tube-agglutination test. In this, one drop each of freshly 
prepared undiluted serum and 2% washed red blood cell suspension were mixed and results noted 

i and microscopically after standing at room temperature for 2 hr. Each test was 
duplicated. Appropriate controls of 0-9% sodium chloride solution and each red blood cell 
suspension were included. 

Perfusion technique. The cat to be perfused was anaesthetized with intraperitoneal sodium 
pentobarbitone (Abbott Laboratories, 30-40 mg/kg), and received subsequent smaller doses as 
required. The caudal extremity of the spinal subarachnoid space was exposed and cannulated 
with a 0-5 mm bore nylon tube bearing numerous pin-hole orifices in its wall for a distance of 
1 cm from the tip. The wound was closed round the cannula which communicated with a straight 
1-0 mm bore manometer from which records of the cerebrospinal fluid pressure were obtained with 
the device shown in Text-fig. 2. During the course of some experiments the pressure was raised 
for predetermined periods by means of a burette, containing Ringer—Locke solution, attached 
to a T-piece connecting cannula and manometer. 

Positive pressure ventilation was applied and the chest opened to the right of the sternum 
through a J-shaped incision curving backwards over the lower ribs. All tissues were divided 
between ligatures, sparing the internal mammary vessels. At this stage the donor blood was 
introduced into the perfusion apparatus and a screw clamp on input tube F (Text-fig. 1) adjusted 
to obtain a delivery of about 100 ml./min. A blood-pressure cannula was introduced into the left 
femoral artery and 30 mg of heparin given intravenously. The azygos vein was divided, the 
clamped distal end cannulated and connected to a calibrated measuring tube F (Text-fig. 1). The 
proximal end of this vessel led to a saline manometer for the recording of right atrial pressure. 
Next, the inferior vena cava was divided between clamps, both ends cannulated within 90 sec and 
the long-circuit G established within the Perspex tap P (Pl. 1). The superior vena cava was now 
ligated just distal to the entrance of the azygos vein and a cannula introduced into the peripheral 
end. This cannula was connected to the Perspex tap which was then turned so as to break the 
long-cireuit, deliver perfusion blood to the heart from the input reservoir A and connect the 
peripheral ends of both venae cavae with their respective measuring tubes. After this, the clamp 
on the azygos vein was removed. Finally, the clamp on the input tube was carefully opened till 
the blood pressure attained 110-150 mm Hg with an atrial pressure at, or slightly below, that 
found before perfusion. Sometimes only the distal end of the inferior vena cava was cannulated 
and led into a long-circuit established on the superior vena cava. In this case perfusion was carried 
out via the proximal stump of the latter vessel. At the end of each experiment the perfusate was 
centrifuged and the plasma stored at — 20° C. 


Cardiac output determinations 
Direct Fick method. Cate were anaesthetized as for perfusion and received 30 mg of heparin 
intravenously. Blood-pressure records were taken from one femoral artery while the other carried 
a polythene tube for arterial blood samples. A wide silver T-tube was inserted into the trachea 
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Text-fig. 1. Essential components of the perfusion apparatus. The great veins, heart and diaphragm 
lie between the dotted lines. The head of blood in the input reservoir A was controlled by the 
height of the overflow pipe B which discharged into output receiver D whence blood was 
returned to A by the Dale-Schuster pump C. During perfusion the tap P (Pi. 1) occluded 
the long-circuit G at arrow. Blood was delivered to the heart by input tube F which con- 
tained a thermostat. The calibrated measuring tubes ¥ conducted the venous return from 
each of the great veins into D. The proximal stump of the azygos vein K was used to record 
right atrial pressure. 


Text-fig. 2. Cerebrospinal fluid pressure recorder. A was connected to an air-bulb, repeated 
compression of which moved spring-loaded piston B and its attached needle along the cylinder 
to mark a series of dots on moving smoked paper. A needle was also fixed to the cylinder and 
the saline meniscus levelled between these two needles before making a record. Fluctuations 
in cerebrospinal fluid pressure were followed by turning wheel C. 
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and its limbs connected to two ‘water’ valves containing saturated calcium chloride solution 
acidified with hydrochloric acid. The appropriate tube of each valve just made contact with the 
surface of the solution. Expired air samples were taken into a bag made of 0-25 mm thick poly- 
thene film (*Visqueen’). Mixed venous blood was obtained from a metal-tipped 0-5 mm bore 
polythene tube passed with X-ray control from a femoral vein to the orifice of the pulmonary 
artery. The arterial and venous blood samples were drawn into separate 2 ml. syringes connected 
to the appropriate cannulae by short, fine-bore, mercury-filled rubber tubes. Before sampling, 
0-25 ml. of blood was drawn from side arms on these tubes and discarded. Each syringe was 
lightly paraffined and contained a trace of heparin and about 0-5 ml. of mercury. Sampling at 
equal rates was achieved by means of a brass plate fixed to the pistons of the syringes and moved 
by @ vernier screw gauge. Blood was withdrawn continuously throughout the air collection period 
and replaced by a similar volume of ‘Dextraven’. Sampling started after about 90 min and 
continued at intervals for some 6hr. Analyses of expired air were carried out in a standard 
Haldant, apparatus. The estimations of carbon dioxide and oxygen in blood (van Slyke & Neill, 
1924) were begun immediately. 

The additional effects upon cardiac output of thoracotomy and temporary caval obstruction 
were examined. After taking two or three blood and air samples the chest was opened, as in 
a perfusion experiment, then closed again with a moulded celluloid plate. When normal respiration 
had been re-established further samples were taken. During some of these experiments, the 
inferior vena cava was temporarily obstructed under direct vision by tightening a loop of thread 
passed round it. Animals were killed by the injection of pentobarbitone or chloroform or by excision 
of the heart after clamping the great vessels. Autopsies were performed immediately and the 
position of the venous sampling cannula checked. It was thought that chloralose might be 
preferable to pentobarbitone for anaesthesia during perfusion and consequently a similar series of 
observations was carried out during intravenous chloralose anaesthesia (0-08 g/kg, British Drug 
Houses Ltd.). 

Serial analyses of blood and air samples served as checks on individual procedures but failed to 
reveal the relatively large variations in cardiac output values induced by minor analytical errors. 
To estimate the over-all precision of the method, adequate volumes of arterial and venous blood 
were drawn with concomitant samples of expired air and stored as in an actual determination. 
Successive analyses were then carried out and a series of cardiac outputs calculated. There were no 
detectable changes in the carbon dioxide and oxygen content of air samples stored in the polythene 
bag for periods comparable to those of the output determinations. 


RESULTS 
Behaviour of the perfused preparation 
While the inferior vena cava was clamped to permit the insertion of the long- 
circuit, there was a fall of blood pressure to about 40 mm Hg and an increase 
in amplitude and rate of diaphragmatic movements. When the clamps were 
removed, the blood pressure returned to its original level after a brief hyper- 
tensive phase. Respiration was also restored to normal. 

At the beginning of perfusion the blood pressure usually fell to about 
80 mm Hg while the right atrial pressure, after an occasional sharp rise, fell 
to 5-10 mm saline below the pre-perfusion level. The subsequent increase of 
cardiac input was usually accompanied by a steady rise of arterial and right 
atrial pressures to the desired levels, which were then satisfactorily maintained 
for some hours (Table 1). During this stable period frequent measurements 
showed little alteration in the individual venous returns. The flow from the 
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inferior vena cava was most commonly between 2 and 3 times that from the 
superior vena cava and azygos vein combined, and the total flow showed no 
close relationship to body weight. The cerebrospinal fluid pressures remained 
constant in most animals but occasionally rose slowly towards the end of 
perfusion. The mean cerebrospinal fluid pressure, for the fourteen animals in 
which it was recorded, was 122 mm of Ringer-Locke solution, which agrees 
with the value (119 mm) found by Weed & Hughson (1921) for intact cats 
under ether anaesthesia. During the satisfactory perfusions there were active 


Taie 1. Data obtained from cats after long-circuiting the venous return to the heart 


through a perfusion machine 
Venous returns (ml./min) 
Duration Range r 
Cat of of C.s.f. 
Expt. wt. perfusion B.P. Azygos (ml./ pressure 
no. (kg) (min) (mmHg) ILV.C. 8.V.C. vein Total kg) (mm. saline) 
I 2-7 157 80-125 120 68 189 70 
2 2-8 115 70-112 148 ll 226 81 — 
3 2-8 95 80-140 158 102 _ 260 93 140 
4 3-9 170 98-120 172 63 24 259 66 _ 
5 28 120 68-110 175 = 62 21 258 92 120 
6 1-5 179 115-140 120 «8636 8 164 109 125 
7 2-5 236 130-170 1490S 47 13 209 84 120 
8 2:3 202 118-125 106 «= 38 7 151 66 80 
9 2-0 151 57- 65 7 06h 7 120 60 105 
10 2-0 229 90-117 101 36 7 l44 72 120 
ll 19 197 104-122 1490S 47 10 206 108 137 
12 1-9 208 121-146 89 27 13 129 . 68 120 
13 2-0 179 128-140 130 = 36 14 180 90 165 
14 2-0 263 120-140 9 34 13 142 71 144 
15 2-0 164 60- 90 82 8628 110 55 — 
16 2-2 333 114-138 145 3841 3 189 86 125 
17 18 345 108-131 118 = 38 10 166 92 93 
18 2-0 225 105-135 130 24 19 173 87 _ 
19 2-4 364 115-137 87 §6629 17 133 55 110 
20 20 269 46— 65 140—s«B8 14 212 106 — 


In Exptes. 1 and 3 the azygos vein was ligated. In Expt. 15 this vein was not ligated but the 
flow was not measured. In Expts. 1, 2, 4, 15, 18 and 20 the lumbar subarachnoid space was not 
cannulated. Expts. 9, 15 and 20 are regarded as failures because of the low blood-pressure levels. 
The lowest value in the blood-pressure range was not necessarily found at the end of perfusion. 


diaphragmatic movements and withdrawal of fore and hind limbs on pinching 
the foot pads. Frequently the cat spontaneously licked its chops and flicked 
its ears. Many animals became more active in the later stages of the. experi- 
ments. It is noteworthy that despite perfusion with a large volume of blood 
containing a negligible anaesthetic concentration only two of the animals 
required further pentobarbitone within the first 30 min of perfusion. Only 
four animals died, the rest of the experiments being terminated voluntarily 
often with no previous sign of deterioration in the cat. The rate at which blood 
was lost from the perfusion apparatus into the animal was not measured, but 
an extra 50-100 ml. was usually needed during the course of a perfusion. In 
some of these experiments the initial increase of cardiac input caused a great 
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rise of right atrial pressure without a corresponding increase in arterial 
pressure. In these cases the input had to be reduced and then gradually 
increased again till the arterial pressure attained a satisfactory level. Despite 
these manipulations the blood pressure persisted at a low level in three of the 
twenty experiments recorded in Table 1, and in these only the knee-jerk gave 
clinical evidence of a surviving central nervous system. 


Cardiac output studies 

The cardiac outputs of twenty normal cats, under pentobarbitone anaes- 
thesia, declined rapidly during the first 3-4 hr and then tended to become 
steady (Text-fig. 3). Neither the initial nor the later values were related in 
any precise way to body weight. The cardiac output curves of five thoracoto- 
mized cats still lay within the range determined for cats under anaesthesia 
alone. Similar results were obtained when, in addition to thoracotomy, the 
inferior vena cava was obstructed for a period comparable to that usually 
required to establish the long-circuit on this vessel. In one-third of all the 
above experiments the blood pressure remained steady throughout, in the 
remainder a slow fall was observed. The mean initial and final pressures of the 
whole series were 170 and 140 mm Hg respectively. Cardiac outputs were 
calculated from both carbon dioxide and oxygen data. In 87 of t14 determina- 
tions the values based on carbon dioxide analyses were higher than those 
based on oxygen, the average difference for all the determinations being 
+11%. In six estimations of cardiac output derived from analyses of common 
pools of expired air and arterial and venous bloods, the maximum deviations 
from the mean of the cardiac output figures were +2-5 and +15% for the 
oxygen and carbon dioxide series respectively. Thus oxygen-based values were 
used in Text-fig. 3. The total venous return via the great veins was known by 
direct measurement in twenty perfusions (Table 1), but these are less than the 
cardiac output chiefly by the exclusion of coronary flow. Nevertheless, when 
these stable values were plotted on the graph (Text-fig. 3) at the mean time of 
the start of perfusion after the injection of pentobarbitone, it was found that 
eighteen lay close to, or within, the cardiac output range of cats under 
anaesthesia alone. At this time the average cardiac output for the normal cats 
was 83 ml./kg/min, while the average total venous return (Table 1) for the 
perfused animals was 81 ml./kg/min. Of the three unsuccessful perfusions, one 
lay towards the upper limiting curve while the other two fell below the limits, 
although in one of these the azygos flow was not measured. In eight normal 
cats under chloralose anaesthesia of similar duration the cardiac outputs 
remained steadier than with pentobarbitone but started at a lower level 
(Text-fig. 3). | 
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Studies on the cerebrospinal fluid pressure 
- Rffeets of change of venous pressure. The venous pressure in the superior 
vena cava, inferior vena cava or azygos vein was increased by successively 
raising the calibrated measuring tubes £ (Pl. 1) by 5cm. This manoeuvre 
caused a rapid rise of the cerebrospinal fluid pressure in each case (Text-fig. 4). 


Cardiac output (mi./min) 


100 200 300 400 
Minutes after pentobarbitone 


Text-fig. 3. Large figure. During the course of pentobarbitone anaesthesia in twenty normal cats 
the curves of cardiac output lay between those represented -@—@-, though most were 
clustered about A. Between the 2nd and 8rd observations of the two experiments shown 
-O—O- an extensive thoracotomy was performed and the chest closed again. In addition 
(curve A) the inferior vena cava was obstructed for 75 sec. The circles within the dotted 

indicate volumetric determinations of the total venous return via the great veins 
during nineteen perfusions. (Expt. 15, Table 1, falls below this scale.) The small figure 
repeats the pentobarbitone findings and shows (-O —O -) the behaviour of the cardiac output 
during chloralose anaesthesia. 
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This response was always greatest when the pressure in the superior vena cava 
was increased but inconstant comparative responses were obtained from the 
other two vessels. When the measuring tubes were returned to their original 
levels, the cerebrospinal fluid pressure returned at once to normal in the cases 
of the inferior vena cava and azygos vein but a delay was often noted in the 
case of the superior vena cava. When the pressure in either the superior vena 
cava OF azygos vein was increased, there was a reduction in the flow through 


3 AZ. raised S.V.C. raised 1.V.C. raised 
I 160F 4 
150 C.S.F. | 
E 

110 


| 


Sor S.V.C, 
40 
30° A 
20 \ 
Azygos 


Time marker, 100 sec 
B 

Text-fig. 4. Cat, 2 kg, pentobarbitone anaesthesia. Venae cavae and azygos vein long-circuited 
through the perfusion machine. Between the arrow shafts the back pressure in the azygos 
vein (AZ.), superior vena cava (S.V.C.) and inferior vena cava (I.V.C.), was raised successively 
by 5 om then restored to the initial value (see Pl. 1). The arrow shafts mark the beginning and 
end of the pressure alterations. The dotted parts of the venous return curves indicate their 
probable shape. During all these manoeuvres the total venous return was 142+ 2 ml./min. 
At A and B the drum was stopped for 260 and 172 sec respectively. 


the raised vessel and a prompt and similar increase in the flow through the 
other. Sometimes the azygos stream was completely arrested when its tube 
was raised by 5cm. When the pressure in the inferior vena cava was raised 
there was a very slight reduction in its blood flow, an increase in that from 
the azygos vein and a negligible change in the flow from the superior vena 
cava. Alterations in pressure were maintained for as long as 12 min and 
induced no significant change in the total venous return. Meanwhile there was 
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little modification of either the arterial or right atrial pressures, and the 
maximum variations observed are shown in Text-fig. 4. 

Effects of change of cardiac input or cerebrospinal fluid pressure. When the 
cardiac input was increased by raising the head of blood in the input reservoir, 
the blood pressure and all the individual venous flows increased. The right 
- atrial and cerebrospinal fluid pressures, however, usually remained constant, 
though on occasion variations of up to 4 mm were observed. The largest change 
studied was an increase in the total venous return from 125 to 208 ml./min. 
In this case the blood pressure rose from 120 to 176 mm Hg while the incre- 
ments in the individual flows from the superior and inferior vena cava were 
70% and that from the azygos 50%. 

When the cerebrospinal fluid pressure was raised to approximately double 
its resting value, arterial and atrial pressures and individual and total venous 
returns showed no appreciable alterations. As an example of such an experi- 
ment, in which the blood pressure remained steady at 124mm Hg and 
the atrial pressure 1 mm below the pre-perfusion level, an increase in the 
cerebrospinal fluid pressure from 131 to 251 mm of Ringer—Locke solution 
caused a drop of only 2 ml. in the total venous flow of 168 ml./min. 

Effects of drugs. Adrenaline tartrate (Burroughs Wellcome), acetylcholine 
chloride (Roche), amphetamine sulphate (British Drug Houses), distilled water 
and hypertonic sodium chloride solution were added to the reservoir of the 


oxygen were administered by inhalation. Adrenaline (25g) caused a fall in 
cerebrospinal fluid pressure and a rise in arterial blood pressure. With a larger 
dose there was also a concomitant rise in right atrial pressure (Text-fig. 5). 
Amyl nitrite produced opposite changes in cerebrospinal fluid and arterial 
pressures to those initiated by adrenaline; the atrial pressure sometimes showed 
fluctuations but usually remained unchanged. Carbon dioxide (10% in air) 
produced a marked rise in cerebrospinal fluid pressure, but arterial and atrial 
records were disturbed by vigorous diaphragmatic movements (Text-fig. 5). 
Acetylcholine (10g) produced a marked rise in cerebrospinal fluid and atrial 
pressures and a fall in arterial blood pressure. Amphetamine (5 mg) produced 
rather erratic results; usually there was a rise in cerebrospinal fluid and blood 
pressures with little change in atrial pressure and an appreciable increase in 
motor activity. The responses to oxygen were unpredictable. A lasting fall 
and rise in the pressure of the cerebrospinal fluid followed the administration 
of 2-3 ml. of 30% sodium chloride solution and 15 ml. of glass-distilled water 


respectively. These changes persisted after the immediate vascular effects had 
subsided. 


perfusion machine. Amy] nitrite (Savory and Moore), carbon dioxide and pure — 
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Adrenaline tartrate Amy! nitrate 10% CO, in air 


Text-fig. 5. Cats under pentobarbitone anaesthesia; great veins long-circuited through the 
perfusion machine. The upper and lower unbroken tracings are of femoral arterial and right 
atrial pressures respectively, recorded in mm Hg or saline. The broken line represents the 
cerebrospinal fluid pressure in mm of saline. The signal marks for the first two stripe are 
10 sec intervals and 9 min elapsed between them. For the last two strips the signal marks are 
25 sec intervals. The scale on the right is marked in 5 mm divisions. 


DISCUSSION 


It is generally accepted that perfused whole animals deteriorate more or less 
rapidly and we claim no exception for our preparation. Inadequate blood 
flows and inimical substances in the perfusing blood may be factors in this 
decline. Certainly, in the dog, both Wégria, Rojas & Wiggers (1943) and Daly, 
Eggleton, Hebb, Linzell & Trowell (1954) found values for the systemic blood 
flow which they considered low. We found much variation in the cardiac 
outputs of different anaesthetized normal cats at comparable times after the 
injection of anaesthetic. Variations were also revealed in the stable values for 
systemic flows obtained from different perfused cats. Nevertheless, at com- 
parable times the systemic flows of the two groups of animals cannot be 
considered strikingly different. In the perfusion experiments, the duration of 
stable blood pressure was not related to the determined value of the venous 
return, and modification of the cardiac input produced but a temporary 
amelioration of the progressive hypotension of failing preparations. It thus 
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appears that the ultimate decline of such preparations is determined by 
factors other than the value of the imposed cardiac input. 

It is now proposed to discuss the observations made on the cerebrospinal 
fluid pressure. Though it has long been accepted that a rise of venous pressure 
is associated with a rise in the pressure of the cerebrospinal fluid (see Lups & 
Haan, 1954) the mechanism and course of the reaction remain uncertain. This 
is mainly due to the disturbance of vascular variables usually produced by the 
experimental alteration of the former component. These disturbances are 
widespread when the general venous pressure is raised but may apparently 
involve only the unknown factor of collateral venous circulation when selected 
vessels are obstructed (Bedford, 1935). The unknown influence of raised 
venous pressure upon the secretion and absorption of the cerebrospinal fluid 
is yet a further difficulty in the interpretation of the results of such experi- 
ments. Studies of the effects of arterial pressure alterations pose comparable 
problems. With the perfused cat it was possible to produce a physiological 
increase of venous pressure in the territories drained by the superior vena 
cava, inferior vena cava or azygos vein, and to maintain it constant without 
changing arterial or right atrial pressures. We have shown that such an 
increase of pressure in any of the great veins transferred a portion of its venous 
return to the others and brought about a sustained rise of cerebrospinal fluid 
pressure; but whereas the exchange of blood between superior vena cava and 
azygos vein was free, that between this circuit and the inferior vena cava was 
restricted. For this reason little change in the venous return from the superior 
vena cava followed an increase in the inferior caval pressure. The associated 
rise of cerebrospinal fluid pressure was thus-produced by an increase of venous 
pressure involving the spinal but sparing the cranial region, which latter is 
generally agreed to be more important in the secretion and absorption of the 
cerebrospinal fluid. A more significant alteration in these factors may have 
occurred during a constant increase of venous pressure in the superior vena 
cava, for in this case the cerebrospinal fluid pressure slowly increased and 
failed to return at once on restoring the caval pressure. It is unlikely that this 
small increase in superior caval pressure would cause much change in cerebral 
blood flow (Forbes, 1940), which would therefore seem to be a minor factor in 
this response. Further, we have shown that changes of cardiac input did not 
greatly modify the cerebrospinal fluid pressure despite the concomitant large 
variations in arterial blood pressure which usually imply an alteration in the 
cerebral flow. It thus appears that, in the perfused cat, the cerebrospinal 
fluid pressure is more readily influenced by the venous pressure than by any 
of the other variables examined. In this preparation the great veins were not 
in connexion with the right atrium and changes in cardiac input had little 
effect upon the cerebrospinal fluid pressure. These considerations suggest that 
the changes in fluid pressure induced by the drugs used might be ascribed to 
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an action on the peripheral vascular bed. The free superior vena cava-azygos 
shunt appears to have wide implications. It might be initiated merely by 
cannulation and in this case the disparity in the azygos and superior vena 
caval concentrations of ions introduced into the lumbar sac is probably even 
greater than that recorded by Howarth & Cooper (1949). If such a by-pass 
exists in other species, it might account for the maintenance of cerebral 
blood flow reported by Ferris (1939) in cases of superior vena caval obstruction 
in man. 
SUMMARY 

1, A durable perfused cat preparation has been described and shown to 
possess @ cardiac output similar to that of an intact animal anaesthetized for 
a comparable time. 

2. With this preparation the relationships of cerebrospinal fluid pressure 
and certain major cardiovascular variables have been studied. 

3. The shunts between the venae cavae and the azygos vein have been 
investigated quantitatively in the cat. 

We wish to thank Dr R. R, A. Coombs and Dr G. 8. Adair for their advice on serology and gas 
analysis, and are indebted to Professor J. D. Boyd for X-ray facilities and to Mr J. A. F. Fozzard 
for help with the screening. We are grateful to Mr C. Harbird for technical assistance and to the 
Royal Society for generous financial aid. 
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EXPLANATION OF PLATE 


Perfusion apparatus. On the upper white card, from left to right, are the cannulae for the distal 
ends of the azygos vein and the superior vena cava, the proximal and distal ends of the 
inferior vena cava, the proximal stump of the azygos vein and the subarachnoid space. The 
clamps H held the cannulae in place. Perspex tap P contained the long-circuit @ (Text-fig. 1) 
and was interposed between the cardiac input and both caval return circuits. Venous returns 
were measured by closing the lower end of the appropriate tube Z and noting the time of 
filling between two graduations. These tubes could be raised or lowered in their clamps to 
change the pressure in the venous return channels. Heated water-jackets, controlled by the 
thermostat 7’, surrounded receiver D and input reservoir A. Before entering the reservoir, 

blood passed round the heating coil V. The by-pass tap W was not used in these experiments. 
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_ OBSERVATIONS ON THE PERFUSED CAT PREPARATION 
WITH SPECIAL REFERENCE TO THE PRODUCTION OF 
VASO-ACTIVE SUBSTANCES IN THE PERFUSION BLOOD 


By H. F. GRUNDY anp F. HOWARTH 
From the Department of Pharmacology, University of Cambridge 
(Received 6 May 1957) 


A number of successful perfusions of the entire living cat were described by 
Grundy & Howarth (1957), and the present investigation started as an 
attempt to correct two obvious defects in the original preparation. First, the 
double cannulation of the inferior vena cava necessitated a period of severe 
hypotension. This was eliminated by the development of a new cannulation 
procedure. Secondly, the large volume of blood in the extracorporeal circuit 
not only required the use of several donor cats but also was expected to favour 
the production of significant quantities of pharmacologically active substances 
(Daly, Eggleton, Hebb, Linzell & Trowell, 1954). To overcome this difficulty 
a perfusion machine of small capacity was designed and, for practical reasons, 
constructed of Perspex. 

When the new machine and cannulation technique were used, however, the 
perfusions were unsuccessful. In an attempt to explain this unexpected 
occurrence, most attention was paid to the role of the machine itself, for sub- 
sequent perfusions would be much facilitated if this convenient apparatus 
proved innocuous. Although the control of cardiac input and venous return 
was at least as efficient as that originally obtained, the machine could still have 
influenced the course of perfusion by changing the composition of the perfusate. 
Since the new apparatus was made of Perspex instead of glass, the production 
of active agents in blood by contact with surfaces of these materials was 
examined. 

In a recent series of experiments yet another cannulation system was 
employed in conjunction with the new machine and satisfactory preparations 


were once more obtained. 
METHODS 


Perfusion procedures 
Fig. 1 shows the essential components of the perfusion apparatus which required a minimum 
volume of 20 ml. of blood and presented a blood-contact surface of 140 cm*. The main changes in 
technique from that previously described (Grundy & Howarth, 1957) were the use of an internal 
14-2 


| 
é 
a 
z 
4 
\ 
- 


216 H. F.GRUNDY AND F. HOWARTH 


cannulation procedure, whereby side arms were inserted into the venae cavae without 

the blood flow, and the early perfusion either with the animal’s own blood or with that from 
a single donor cat. Compatibility tests were not performed on the blood of donor and perfusion 
animals, nor was the subarachnoid space cannulated. 

After thoracotomy, a short silver cannula was tied, with negligible blood loss, into the right 
auricular appendix. With the aid of an introducer, a similar tube of slightly smaller diameter was 
passed through this cannula into the inferior vena cava where it was bolted between the moulded 
Perspex plates (Fig. 1). The lateral orifice in the caval tube was arranged to coincide with that in 
the upper plate and a Perspex side arm fitted into the latter. The superior vena cava was similarly 
treated. Each side arm was then held vertically and the circle of vein wall visible at its base was 


Fig. 1. (1) Perspex perfusion apparatus. Arrows show direction of blood flow. The diaphragm 
pump A was connected via B to a water-filled Dale-Schuster pump. A rubber teat was 
attached to tube X to smooth the pump oscillations. The head of blood was controlled by 
moving tube C in D. Blood was delivered to the heart via input 2. A great vein was con- 
nected to a venous return G, movable in the vertical slit of cylinder J which was sealed by 
the associated rotation of the spirally-cut outer tube. Flow rates were determined from H. 
There was a similar outflow system for each vein. The floor of the surrounding water-jacket 
is shaded. (2) The cannulae used with the Perspex machine. A, auricular cannula; B, intro- 
ducer; C, moulded Perspex plates with bolt holes and centre drilling; D, caval cannula with 
lateral orifice; Z, push-fit side arm. 


removed with an iris knife and hooked needle: the side arm was then joined to a venous return 
(G, Fig. 1) of the perfusion machine by a clamped rubber tube. The auricular cannula was similarly 
attached to the input Z. In these experiments the pressure in the inferior vena cava distal to the 


site of cannulation was recorded before and during perfusion by means of a saline manometer 


which was connected to a fine nylon tube passed via a femoral vein. Before perfusion ‘Dextraven’ 
(Benger, 6% Dextran in 0-9% sodium chloride) or blood in the apparatus was slowly exchanged 
with the circulating blood in the cat by cautiously opening the appropriate clamps. After setting 
the machine to deliver about 100 ml./min, perfusion was started by clamping the venae cavae 
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proximal to their cannulae while the caval side arms and auricular input were simultaneously 
opened. The cardiac input was now adjusted in an attempt to obtain a systemic blood pressure 
above 110 mm Hg with an atrial pressure comparable to that determined before perfusion started. 
If necessary, the height of the venous return tube draining the inferior vena cava was also altered 
till the pressure in this vessel was near the pre-perfusion value. The tubes for superior vena cava 
and azygos vein were placed at a similar level. Seven experiments were performed; four of the 
animals were anaesthetized with pentobarbitone, two with chloralose and one with nitrous 
oxide—oxygen and trichloroethylene. 

In a further series of experiments the internal cannulation system was abandoned in favour of 
a modification of that used in conjunction with the original perfusion machine. 


A 

Fig. 2. Transfer machine. Liquid paraffin, introduced via tubes H, filled the syringes B, the 
reservoirs C and the upper parts of the glass chambers D. A total volume of about 20ml. 0-9% 
sodium chloride solution was contained in the lower parts of D. Before introducing a blood 
sample into cutput chamber D, tubes H were clamped and the pistons of the syringes moved 
fully to the output side. A reversible motor was coupled to shaft A which moved the rack 
connecting the pistons of the two syringes. Each of these delivered or received 20 ml. of 
paraffin in 14 sec. The entire apparatus, except for the syringes, was contained in a water- 
bath thermostatically controlled at rectal temperature. 


Vaso-active agents developed in blood after storage in various containers 

In these experiments about 40 ml. of blood was drawn from the inferior vena cava of a normal 
cat and promptly replaced by a similar volume of ‘ Dextraven’. Equal portions of the withdrawn 
blood were placed in two containers of different materials and, after storage for about 15 or 70 min, 
successively returned to the same cat by means of the transfer machine (Fig. 2). This machine 
rapidly injected about 20 ml. of the test blood into the superior vena cava while simultaneously 
withdrawing an equal volume from the inferior vena cava. The effects of each injection upon the 
blood pressure and respiration of the test cat were compared. Sometimes the blood intended for 
each container was withdrawn separately at an interval of about 12 min, which was the time 
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needed to complete a test of the first sample. By this method it was ensured that both samples 
of blood remained in the containers for the same length of time. ‘ Dextraven’ was given after both 
samples had been withdrawn. 

Containers. Each container held 20 ml. of blood when completely filled, was closed with con- 
tainer material and had a contact-surface area similar to that of the Perspex perfusion machine. 
In the first series of experiments the hypotensive activity of blood circulated in the perfusion 
machine was compared with that from a Perspex cell. Other containers compared were cells of 
Perspex and glass, tubes of the same materials and spirals of glass, nylon, polythene and polyviny!. 
In some experiments the glass cells were siliconed, using either dimethyldichlorosilane or M.S. 1107 
(Midland Silicones Ltd.). Sedimentation during the storage period was reduced by rotating the 
container in an appropriate axis on a shaft turning at 0-3 rev/min. 

Experimental technique. Cate under intraperitoneal pentobarbitone anaesthesia (40 mg/kg) 
were prepared with tracheal tube, rectal thermometer and femoral artery cannula. mespivetion 
was recorded either by means of a thread attached to the chest wall or plethy 
(Cushny, 1913). After heparin (20 mg) had been given intravenously, two | mus bore nylon tubes 
were inserted via the femoral veins into the inferior vena cava and 8 2 mm bore nylon tube via an 
external jugular vein into the superior vena cava. Blood required for storage in the two con- 
tainers was taken from a T-piece joining the tubes from the inferior vena cava. The free limb of 
the T-piece was then connected to the input Z of the transfer machine (Fig. 2), while the tube from 
the superior vena cava was connected to the output F. The input and output tubes were clamped. 
When the blood samples had been stored for the predetermined period, tube G was clamped and 
a side arm on the output F allowed the contents’of the first container to be drawn into the output 
chamber by moving the pistons to the input side. This movement also expelled an equal volume 
of saline from a side arm on the input 2. The blood remained in the machine for about 7 min and 
was agitated during temperature cquilibration by moving the pistons to and fro with G open. With 
the pistons at the input side, G was closed, input and output tubes opened and the latter washed 
with 2 ml. of saline via its side arm into the animal. After this, the motor was started so as to 
move the pistons to the out put side thus injecting the test blood into the superior vena cava. 
When the blood-pressure response had subsided, G was opened, input and output tubes closed 
and the pistons returned to the input side. This transferred the blood, just drawn into the input 
chamber from the inferior vena cava, to the output chamber, and successive injections were then 
carried out to eliminate test blood remnants and to determine the effects of a freshly drawn sample. 
The blood from the second container was then taken into the output chamber and the test pro- 
cedures repeated. Finally, a sample freshly drawn into the transfer machine directly from the cat 
was allowed to remain for as long as the test samples (7 min) and the effects of the injection of 
this constituted the control observation. 

The blood samples from each pair of containers were compared in separate cats with frequent 
reversals in the order of testing. In many cases the responses obtained were compared with those 
produced by the intravenous injection of various doses of serotonin creatinine sulphate (Light 
and Co.). 

Ancillary observations. To eliminate emboli as possible causes of the responses obtained, « 
capsule containing six 2-5 cm diameter filters of silk (100 strands/2-5 om) was inserted in the 
output tube of the transfer machine. Blood from a cat was stored in two cells of the same materia! 
or circulated in the perfusion apparatus. After about 70 min one sample was injected into the 
donor animal as described above. The filters were then removed from the capsule and the second 
sample injected through the filterless casing. The effects of the two injections were compared. 
The possibility of a stream of blood being drawn, during an injection, directly from superior vena 
cava to inferior vena cava was investigated by observing the venae cavae during an injection 
carried out when the cardiac output had fallen to low levels. In other experiments 1 ml. of a 
concentrated solution of Evans Blue (Edward Gurr) was introduced into the output tube at 
various times during the course of an injection. Here, caval blood returned to the input chamber 
during the exchange was centrifuged and the plasma inspected for dye. All the animals used in the 
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transfer experiments were killed by the injection of pentobarbitone or chloroform or by excision 
of the heart after clamping the great vessels. Autopsies were performed on most of the test 


animals. 
Vaso-active properties of fresh blood 

‘Incompatible’ blood. Animals were grouped on the basis of the agglutination test mentioned 
in & previous communication (Grundy & Howarth, 1957). The transfer machine was employed to 
investigate the acute effects of cat blood upon animals of ‘incompatible’ group. In these experi- 
ments the effects of injections of ‘incompatible’, compatible and the animal’s own blood were 
compared. After the completion of these injections the blood pressure of the recipient cat was 
observed for about 2 hr. The chronic effects of ‘incompatible’ transfusion were studied by with- 
drawing 50-60 ml. of blood from a cat anaesthetized with ether and replacing it with a similar 
volume of the blood under test. These animals were allowed to recover from the anaesthetic and 
observed for 24 hr. 

Blood withdrawn during induced hypotension. The test animal and transfer machine were set 
up as above with an additional polythene tube in a femoral artery. This was connected to a trans- 
fusion bottle, containing heparinized saline, suspended from the ceiling. When the bottle and 
artery were put in communication, the blood pressure of the animal depended on the height of 
the bottle. The pressure was held at a predetermined low level for about 10 min and blood taken " 
from the animal into the transfer machine either directly or after sojourn in a container. The 
blood which bad escaped into the transfusion bottle was now returned to the animal and, when 
the induced responses had subsided, the blood in the transfer machine was injected and the effects 
recorded. Samples were taken at various blood-pressure levels and their activities compared. 
In another type of experiment the test animal and transfer machine were again prepared and 
two 20 ml. samples of blood withdrawn at 12 min intervals and then replaced with ‘ Dextraven’. 
The first sample was discarded but the second was taken directly into the transfer machine and 
injected into the test animal. The blood which returned to the transfer machine during this 
injection was then introduced. The effects on blood pressure and respiration were compared. 


RESULTS 


Behaviour of the perfused preparation 
During the preparation of the animal for perfusion it was noted that whilst 
inserting the internal cannulae the blood pressure fell to about 50 mm Hg. 
Thereafter the pressure tended to rise but, except in one case, was still below 
100 mm Hg when perfusion started. Immediately after perfusion the blood 
pressure rose slightly and was further elevated during the subsequent increase 
of the cardiac input. It was never possible, however, to maintain a satis- 
factory blood pressure for more than 30 min and a moderate dilatation of 
heart was usually seen at some period during the course of perfusion. In the 
two experiments carried out under chloralose anaesthesia the heart did not 
dilate despite venous returns of 373 and 367 ml./min; the maximum blood 
pressure obtained, however, was 120 mm Hg and this could not be maintained. 
In addition to this lack of vascular stability the perfused animal showed, with 
the exception of the knee-jerk, a depression or absence of all tested reflexes. 
In fact, the behaviour of this preparation closely resembled that of the few 
unsuccessful perfusions with the original apparatus (Grundy & Howarth, 
1957). The total venous returns (excluding coronary flow) in the early stages 
of perfusion under chloralose or pentobarbitone anaesthesia were 373, 367, 
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350, 304, 245 and 233 ml./min. If these figures are referred to the cardiac 
output curves for intact cats under anaesthesia alone (Grundy & Howarth, 
1957) at the mean time of the start of perfusion after the administration of the 
anaesthetic (3} hr), it will be seen that they fall within the limits for pento- 
barbitone and above the chloralose curves. 

With the new machine and a modification of the original cannulation system 
five satisfactory perfusions have been performed. These animals had stable 
blood pressures of between 120 and 140 mm Hg and showed spontaneous facial 
movements with active withdrawal on pinching the pads of fore and hind 
paws. All the experiments were terminated voluntarily without any previous 
sign of deterioration. In two cases perfusion continued for 5 hr. 


Vaso-active agents in stored blood 

It was found that cat blood stored for less than 15 min in glass or Perspex 
containers induced no significant change in respiration or blood pressure when 
injected rapidly with the transfer machine into the same cat. Blood circulated 
in the perfusion machine for similar periods also produced negligible effects. 
Storage in the transfer machine itself for 7-15 min induced significant changes 
in only one instance (Fig. 3, (4). 

When storage was prolonged to about 70 min, blood samples from Perspex 
and glass cells caused similar falls in blood pressure but no marked change in 
respiration (Fig. 3). Comparable results were obtained with Perspex and glass 
tubes. Blood from siliconed glass cells produced depressor responses which 
were as great as those from unsiliconed cells. The fall in blood pressure induced 
by blood circulated in the perfusion machine for about 70 min was comparable 
to that after storage in the Perspex cell but, in addition, a marked respiratory 
disturbance was produced. Neither response was modified by filtration 
(Fig. 4) and the injection of appropriate doses of serotonin induced qualita- 
tively similar changes. There was much variation in the magnitude of the 
hypotensive response induced in different animals by blood stored in the same 
container, but similar containers gave similar responses in the same animal. 
Blood produced graded depressor effects when retained in the transfer machine 
for an increasing period up to about an hour, but the time course of the 
development of hypotensive activity during storage in the various containers 
has not been studied. In fact, an increase in the 70 min time of storage by as 
much as 30% made little difference to the responses, which suggests that 
maximum activity had been developed by this time. Since the blood from 
nylon, polythene and polyvinyl containers also gave appreciable depressor 
effects (Fig. 3) only five experiments were performed with these. In all, 
fifty-two cats were used in the container comparisons. 

When an injection with the transfer machine was attempted during a period 
of low cardiac output the inferior vena cava collapsed, obstructing the can- 
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Fig. 3. Transfer experiments. The vertical columns | and 2 show the hypotensive effects of blood 
injected by means of the transfer machine (Fig. 2) after storage for 60-80 min in various 
containers. From left to right these are: A, glass cell versus Perspex cell; B, Perspex cell 
v. Perspex perfusion apparatus; C, siliconed glass cell v. non-siliconed cell; D, glass spiral 
v. nylon spiral; Z, Perspex tube v. glass tube; F, nylon spiral v. polyvinyl spiral. Column 3 
shows the effects of immediate injection of the animal’s own blood. In column 4 the blood 
was stored in the transfer machine, before injection, for a time comparable to that of the test 
samples (control). The respiratory record belongs to A. The thick signal lines denote the in- 
jection periods and are common to the three tracings above them. The irregular blood 
pressure after B2 is due to associated respiratory change. 
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nulae and causing violent bubbling in the input chamber. In six experiments, 
Evans Blue introduced into the output tube at the beginning of an injection 
appeared in the last 5-7 ml. of blood extracted from the inferior vena cava. 
No blue appeared when the dye was introduced half-way through the transfer, 
nor when it was given at the beginning of the transfer and the machine stopped 
after the injection of 10 ml. It was thus clear that direct streaming of blood 
from superior vena cava to inferior vena cava did not occur. 


Fig. 4. Effects of stored blood upon respiration and blood pressure of the donor cat. The blood 
was circulated for about 70 min in the Perspex perfusion apparatus then equal portions were 
tested with the transfer machine (Fig. 2). The blood for the first test was passed through 
a fine silk filter. The unfiltered sample produced a similar response. The effect of intravenous 
serotonin is also shown. The control is as Fig. 3. Blood was introduced during the depressions 
of the signal line. Each division of the scale on the right — 10 mm Hg. 


Vaso-active properties of fresh blood 

In a series of agglutination tests performed on the blood of forty-four cats, 
it was found that the sera of three agglutinated the cells of the rest. The cells 
of the smaller group were unaffected by the sera of the larger. When 20 ml. of 
blood from a member of the smaller group was injected by means of the 
transfer machine into a member of the larger or vice versa, the changes in 
blood pressure and respiration of the recipient cat were insignificant. In fact, 
they were no greater than those produced by the injection of a sample of the 
animal’s cwn blood. Similar injections between cats of the larger group were 
also without effect. No disturbances in the behaviour of cats were observed 
during the 24 hr following the replacement of a large volume of their blood 
with that from an ‘incompatible’ animal. 3 
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During investigation of the vasodepressor activity of stored blood by means 
of the transfer machine, the second of one pair of samples gave a pressor 


response. This occurrence was unique in the whole series of some two hundred 


injections. In this case the blood had been drawn as two successive 20 ml. 
samples and withdrawal of the first had induced an unusually low blood 
pressure. An attempt was made to reproduce this response. When the blood 
pressure was deliberately held below 90 mm Hg for about 10 min, pressor 
activity was usually detectable in a blood sample and was marked at about 
60 mm Hg: at this level the pressor effect was often sufficient to overcome the 


A B 


Fig. 5. Reversal of the depressor effect of stored blood by a pressor substance. Two samples 
were taken from a cat, stored for about an hour in polythene spirals then successively 
reintroduced by means of the transfer machine (Fig. 2) during the depressions of the signal 
line. The first sample gave a small depressor response A, but the blood pressure was low 
at the time of withdrawal of the second sample which gave a pressor response B. C shows 
the effect of the machine alone, and D a pressor effect obtained from a blood sample taken 
during a deliberately induced hypotensive phase and injected immediately. Each division 
on the right-hand scale = 10 mm Hg. 


depressor activity produced by subsequent storage of the blood in a test con- 
tainer (Fig. 5). It was found that no significant change in blood pressure 
followed the immediate injection of the second of a pair of samples drawn 
successively under conditions duplicating those of the vasodepressor studies. 
It is thus improbable that the results of these experiments were appreciably 
altered by this method of blood sampling since, with the exception of the 
single case mentioned, conditions adequate for the production of detectable 
quantities of pressor agents were absent. Of course, such agents could not 
have modified the comparative depressor effects of blood stored in two con- 
tainers when both received equal portions from a single sample. 
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| Post-mortem findings 

In forty cats used for experiments with the transfer machine, no significant 
congestion of the external surface or mucosa of the small intestine was seen 
and the contents were free of any pink stain. The general appearances of the 
other organs resembled those described by Wégria, Rojas & Wiggers (1943) 
after their perfusions of dogs. Ventricular subendocardial haemorrhages were 
seen in seventeen animals but, except in one instance, were confined to the left 
chamber. These varied considerably in number and size and were found chiefly 
on the papillary muscles and near the aortic ring. The bleeding was usually 
superficial but extended deeply into the myocardium in one case. Minute 
subendocardial spots were seen in the auricles of two animals, The findings 
after all the perfusions, both successful and unsuccessful, were similar to 
those after the transfer series of experiments except that left ventricular 
subendocardial haemorrhages were found in all animals. 


DISCUSSION 
It has long been known that pharmacologically active agents are produced, 
under certain conditions, in extracorporeal blood (for review see Page, 1954). 
In the absence of precise information about the production, action and fate 
of these agents, their importance in any perfusion procedure must be proved. 
Among others, Eichholtz & Verney (1924), Phemister & Handy (1927) and 
Bing (1941) have examined certain types of preparation from this point of 
view. We wished to determine if the early failures with the new machine could 
be attributed to the presence of such agents in the perfusate at the start of 
perfusion. An investigation of this problem required that the test object 
should be an entire cat and that a large volume of test blood should be rapidly 
injected without concomitant disturbance of cardiovascular variables. The 
transfer machine allowed this to be done. The results obtained suggest that the 
failure of the perfusions carried out with the Perspex machine and internal 
cannulation system cannot be ascribed to the presence of hypotensive sub- 
stances in the extracorporeal citcuit, since blood was circulated in the machine 
before perfusion for far less than the minimum time necessary for the appear- 
ance of detectable activity. It has been shown in confirmation of Holmes 
(1950) that there are at least two blood groups in the cat population. Never- 
theless, fresh ‘incompatible’ cat blood appeared devoid of vaso-activity and, 
in fact, a number of satisfactory perfusions have been carried out in which 
such blood was used in the perfusate, Therefore, the use of ‘incompatible’ 
blood can also be eliminated as a cause of failure. Further, these failures 
cannot be attributed to inadequate total systemic flows since these were 
rather high as compared to those found in normal cats under anaesthesia alone. 
The internal cannulation procedure was thus suspect and the performance of 
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a small number of satisfactory perfusions with the Perspex machine and a 
different system of cannulation tends to support this view. Left ventricular 
subendocardial haemorrhages were the most striking post-mortem finding, not 
only in the cats used for perfusion but also in those used for the transfer 
experiments. We have often seen such haemorrhages in animals used for 
studies unrelated to this work and it is clear that they are not caused solely by 
perfusion. ‘Substances’ developed in extracorporeal blood were repeatedly 
injected into cats by means of the transfer machine and left ventricular 
subendocardial haemorrhages were seen in 43°% of the animals. The same 
frequency was found by Grundy & Howarth (unpublished) in forty-four cats 
used for cardiac output and similar studies. It thus appears that such 
‘substances’ must be eliminated as significant contributory factors in the 
production of these haemorrhages. 

It is not claimed that the transfer experiments, as designed, constitute 
a precise assay technique. It is clear, however, that appreciable activity may 
develop in blood during prolonged storage in glass as well as Perspex con- 
tainers, notwithstanding a covering of silicone on the former. The vaso-active 
properties of blood in the extracorporeal circuit of the large apparatus (Grundy 
& Howarth, 1957) were not specifically investigated, but depressor agents must 
have been produced during the protracted storage of perfusate in contact with 
glass. In confirmation of Shipley, Helmer & Kohlstaedt (1947) and Armin & 


Grant (1955) we have shown that blood from hypotensive animals tends to 


possess pressor properties and, since the blood for perfusion with the large 
apparatus was drawn from cats under conditions of severe hypotension, it is 


probable that pressor as well as depressor substances were present in the 
perfusate. The extent to which the effects of the latter were offset by those of 
the former is unknown, but it was noted that though a slight fall of blood 
pressure usually followed the addition of further donor blood to the perfusate 
of a running perfusion, sometimes a slight rise was produced. 


SUMMARY 


1. A small Perspex machine suitable for the perfusion of the entire living 
cat has been described. 

2. An account is given of a new technique for the examination of vaso- 
active properties of blood and its application to a study of the perfusate from 
the small machine. 

3. It has been shown that under certain conditions significant vaso- 
depressor activity can develop in extracorporeal cat blood. 
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SYNAPTIC ACTIONS ON MOTONEURONES CAUSED BY 
IMPULSES IN GOLGI TENDON ORGAN AFFERENTS 
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Work in this field originates from Sherrington’s observation (1909) that, when 
the limb of a decerebrate animal is flexed, there is at first a stretch reflex in 
the extensor muscle, but at a certain stage the extensor muscle concerned 
gives way and allows any degree of flexion to be imposed upon it. This was 
the lengthening reaction or clasp-knife effect which Sherrington described as an 
autogenetic proprioceptive reflex of inhibitory character. A first attempt at 
electrophysiological analysis was made by Denny-Brown (1928) who investi- 
gated the electromyogram during the tendon jerk, especially with reference to 
the silent period. He found that the silent period could be ‘transmitted from 
one extensor muscle to another’ and observed that, in preparations in which 
this occurs readily, ‘a stretch of one of these extensors, evoking in it a stretch 
reflex and then a lengthening reaction, causes partial or even complete in- 
hibition of a stretch reflex present in another.” Denny-Brown (1928) therefore 
associated it with the lengthening reaction. 

The next advance in this field came with the demonstration by Granit 
(1950) that contraction favours the appearance of the autogenetic inhibition 
as well as the associated inhibition of extensor muscles operating at neigh- 
bouring joints. This showed that receptors in series with the extrafusal fibres 
were responsible. McCouch, Deering & Stewart (1950) also made experiments 
with electrical stimulation of the quadriceps tendon and succeeded in obtaining 
a relatively pure early inhibition which they also ascribed to tendon endings. 
It was further demonstrated by Granit & Strém (1951) that on stretching a 
muscle the onset of autogenetic inhibition had such a short latency that the 
responsible fibres must be in the group I range. Consequently it could be 
concluded that Golgi tendon afferents were responsible. 

These problems were approached in another way by Laporte & Lloyd 
(1952). They examined the conditioning effect which group I volleys from 
various muscles exert on monosynaptic reflexes. In this way it was established 


t 
- 
q 
by 
fq 
> 
a 
7 


228 J.C. ECCLES, ROSAMOND M. ECCLES AND A. LUNDBERG 


that a group I volley had actions on motoneurones which were additional to 
the well-known monosynaptic facilitatory and direct inhibitory action from 
nerves to synergic and antagonistic muscles respectively, as described by 
Lloyd (1946). Thus it was found that a group I volley from a given muscle 
inhibited many species of motoneurones including the motoneurones of that 
muscle and of its synergists. Careful latency measurements led to the con- 
clusion that these inhibitory actions were disynaptic. In addition, Laporte & 
Lloyd reported that such group I volleys facilitated motoneurones that supply 
antagonist muscles. They found that, when a group I inhibitory volley from 
an antagonist muscle nerve conditioned a monosynaptic reflex, it often pro- 
duced an inhibitory curve that in its decaying phase deviated widely from the 
direct inhibitory curve that was reported by Lloyd (1946) to decay exponentially 
with a time constant of about 4 msec. This deviation from the exponential 
decay was attributed to the superimposed facilitatory action by impulses 
in Ib fibres. On the other hand, Bradley, Easton & Eccles (1953) found 
that a group Ia volley (cf. Laporte & Bessou, 1957; Eccles, Eccles & Lundberg, 
1957a) gave an inhibitory curve decaying with a time course that was very 
different from the exponential form, being initially much faster and later 
slower. Consequently it would not be justifiable to extrapolate an inhibitory 
curve from the summit and ascribe all the deviation therefrom to Ib excita- 
tory action (cf. Eccles, 1957). However, at least in some cases Laporte & 
Lloyd were able to show that with weak stimulation a volley in the nerve to 
an antagonist muscle gave an inhibitory curve with a slow decay, and that, 
when evoked by stronger stimulation, but still in the group I range, the decay 
of the inhibitory curve was much faster. Such an effect would be due to 
group Ib facilitation. They concluded that this facilitation was disynaptic, 
basing this conclusion on the interval by which the latency of the facilitation 
exceeded that of the direct inhibition, which at that time was still believed to 
be exerted by monosynaptic action. It is, however, now known that the 
direct inhibition exerted by Ia afferent action: itself is disynaptic (Eccles, 
Fatt & Landgren, 1956; R. M. Eccles & Lundberg, 1957), and further in- 
vestigation is therefore needed in order to settle the question with respect to 
the synaptic organization of Ib excitation. 

In the present investigation it will be demonstrated that the aes 
action caused by Ib afferents may be disynaptic but often is trisynaptic. It 
will further be demonstrated that this action is not restricted to motoneurones 
of muscles antagonistic to those supplying the afferents, but usually is 
distributed generally to motoneurones of flexor muscles. Also the inhibitory 
action of Ib afferents has been investigated. In confirmation of Laporte & 
Lloyd (1952) it is often found to be disynaptic but not exclusively so. There is 
often evidence of trisynaptic effects. 
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METHODS 


The experimental procedure has closely resembled that described in our previous paper on the 
systematic study of monosynaptic excitatory action (Eccles, Eocles & Lundberg, 19576). In 
particular, very fine gradations of stimuli were used to evoke the afferent volleys in the various 
muscle nerves, and these volleys were recorded by means of a surface electrode on the appropriate 
dorsal root. When investigating inhibitory post-synaptic potentials the intracellular electrode 
was often filled with 0-6m-K,S0, solution in order to prevent the conversion of these potentials 
into depolarizing potentials by the diffusion of chloride ions into the cell (cf. Coombs, Eccles & 
Fatt, 1955). If, alternatively, the electrode was filled with 3m-KCl solution, it was always possible 
to distinguish inhibitory from excitatory post-synaptic potentials by changing the membrane 
potential, by passing a steady current through the electrode (cf. Coombs ef al. 1955). With all 
intracellular records the effects of noise and random potentials were minimized by the super- 
position of about 40 faint traces. 


RESULTS 
(a) Differentiation between group Ib and group II effects 

With nerves from the cat hind limb there is often a difference in threshold as 
well as conduction velocity between Ia and Ib fibres (Bradley & Eccles, 1953; 
Kecles et al. 1957a; Laporte & Bessou, 1957). By virtue of this difference it 
has been possible to differentiate between synaptic actions caused by Ia and 
Ib afferents. In the present investigation the subdivision of the group I volley 
into the Ia and Ib volleys has been used extensively, but it was a more dif- 
ficult problem to differentiate between effects caused by impulses in group Ib 
and group II fibres. It will be demonstrated in this paper that synaptic 
actions evoked by impulses in Ib fibres may have latencies that differ very 
little from synaptic actions of group II impulses. 


Originally the group II was defined by Lloyd (1946) as fibres with a diameter from 12 to 6y. 
Experiments with adequate activation, in conjunction with histological investigation, have shown 
that muscle spindle afferents with secondary endings fall in the group II range (Matthews, 1933; 
Barker, 1948; Merton, 1953; Hunt, 1954). Furthermore, Hunt (1954), using either the soleus or 
the medial gastrocnemius muscle, was able to account quantitatively for the fibres with a diameter 
of 12-4 as spindle afferents. With respect to conduction velocity and threshold there may 
be considerable overlap between Ib and II fibres, although it is usually possible to activate at 
least 50 % of the Ib fibres at a stimulus strength that is subthreshold to IT (Lundberg & Oscarsson, 
1956). 

The group II contribution to the electrogram cannot be well distinguished with triphasic 
recording, and, since in the present experiments a large number of nerves were used, it has not 
been practicable to use simultaneous recording from dorsal root filaments. Nevertheless, it was 
usually not difficult to decide whether a synaptic action was caused by Ib or II impulses, because 
we have used as an index the synaptic potentials evoked by all gradations of stimulus strength. 
When a synaptic effect reached a maximal size at a stimulus strength that was just sufficiently 
strong to excite all group I fibres, it was identified as being due to group I impulses. An effect 
caused by group II impulses might appear at a stimulus strength slightly submaximal for group I 
fibres, although this was not usually the case. By contrast with the effects caused by group Ib 
impulses, these group II effects continued to increase when the stimulus strength was raised several 
times above the maximum strength for group I fibres. This would be expected from the wide 
range in diameter (12-4,) of the muscle spindle afferents with secondary endings (Hunt, 1954), 
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and from the assumption that they constitute a homogeneous group with respect to their synaptic 
effects. Accordingly, by watching the evolution of changes in the synaptic potential as a progres- 
sively larger stimulus was applied to the afferent nerve, it usually was not difficult to decide 
whether a certain synaptic action was caused by group Ib or II impulses, When, as sometimes 
happened, a particular motoneurone was supplied with the same type of synaptic action by 
impulses in both Ib and II afferents, and the latencies of these synaptic actions were similar, 
differentiation was a more difficult procedure. We then often had to rely on direct measurement 
of the threshold differential between fibres of the Ib and II groups. The dorsal roots were divided 
after the end of the experiment and the volleys evoked by a wide range of stimuli were recorded 
monophasically. 

Finally it should be mentioned that in any particular experiment the synaptic actions from a 
given nerve were investigated in a number of motoneurones. If in some motoneurones typical 
Ib or II effects were evoked from one nerve, the range of stimulus strengths giving these effects 
would help in deciding the origin of a more doubtful effect evoked from the same nerve in another 
motoneurone. 


(b) Synaptic linkage of inhibitory action caused by Ib afferents 

It is appropriate to start this description with Ib actions evoked in the 
motoneurones of the muscles that supply the afferents, i.e. with homonymous 
inhibitory action. This is the classical autogenetic inhibition and the inhibitory 
potential will be superimposed on the excitatory post-synaptic potential 
(EPSP) evoked monosynaptically by the Ia impulses. 

The records in Fig. 1 were obtained from a gastrocnemius motoneurone 
with a micro-electrode filled with 3m-KCl. With this technique of recording, 
the inhibitory post-synaptic potential (IPSP) reversed its sign on account of 
the diffusion of chloride ions from the electrode. With records A—E the hyper- 
polarizing action of the IPSP was restored by passing across the cell membrane 
a depolarizing current of 4 x 10-*A (cf. Coombs et al. 1955). Record A shows 
the monosynaptic EPSP evoked by weak stimulation of the gastrocnemius- 
soleus nerve. As the stimulus strength was increased, the rate of decay became 
much faster, as would be expected if an inhibitory potential were superimposed 
on the declining phase of the EPSP. Records F—J were obtained at corres- 
ponding strengths, but after reversal of the current flow through the micro- 
electrode in order to hyperpolarize the membrane far above the equilibrium 
potential for the IPSP. This procedure reversed the IPSP evoked in the 
motoneuronal membrane by the inhibitory volley, the reversed (depolarizing) 
IPSP being added on to the monosynaptic EPSP. The existence of an IPSP 
can be more readily detected and its latency can be measured more accurately 
when it is thus reversed in sign. When the IPSP is in the normal (hyperpolar- 
izing) direction, it becomes identifiable merely as a faster decay of the mono- 
synaptic EPSP. Record F in Fig. 1 shows that even at a stimulus strength of 
1-32 times threshold a very small IPSP was evoked, but the main part of the 
IPSP appeared when the strength was raised from 1-40 to 1-48, and with an 
increase above the maximum (1-8) for group I there was only a very small late 
addition, as shown by a slower decline of the IPSP, which presumably was 
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| caused by group II afferents. The latency of the Ib IPSP relative to the in- 
coming volley was 1-9 msec. 

Fig. 2 shows a similar experiment when the Ib impulses produced an IPSP 
in @ gastrocnemius-soleus motoneurone after a briefer latency. A-D were 
obtamed during passage of a depolarizing current of 2x10-8A and G-I 
during a hyperpolarizing current of 3x 10-8A. At stimulus strengths up to 

times threshold the group I volley produced the 


Depolarizing 4x A 


Fig. 1. Intracellular recording, with micro-electrode filled with 3m-KCl, from & gastrocnemius 
' motoneurone showing the homonymous Ia EPSP’s and Ib IPSP’s, i.e. the responses evoked 
_ by a group I afferent volley from gastrocnemius nerve. In A~EZ a steady depolarizing current 
was passed through the micro-electrode. In F-J the IPSP’s are reversed with passage of 
hyperpolarizing current. Corresponding records were obtained at identical stimulus strength 
and the values relative to threshold strength for the group I afferent volley are indicated 
between the records. In the triphasic records of the dorsal root volley negativity uncon- 
ventionally is signalled by a downwards deflexion. a 
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EPSP, there being no sign of Ib IPSP in either B or F. At 1-45 times threshold 
(C) the decay of the EPSP was faster than in A and B, indicating the presence Fig. 2 
of an IPSP in the depolarized cell, and with the membrane hyperpolarized simile 
there was the expected reversal of the IPSP which was superimposed on the 


was & 
monosynaptic EPSP in G and H. With further increase to a strength that was in Ia 
just maximal for group 1, the [b IPSP increased but little. A comparison of The 
Band C and of F and G@ reveals that the onset of the IPSP in thiscase occurred } = are ny 
before the monosynaptic EPSP had reached its summit. For example, in Usual 
| Fig. 3 

Depolarizing 2x 107" A and 


Fig. 2. Intracellular recording, with micro-electrode filled with 3m-KCl, from # motoneurone of 
the gastrocnemius-soleus group with Ib IPSP’s established after a relatively brief latency. : 
As in Fig. 1, » depolarizing current was passed through the micro-electrode in A-D and Fig. 
hyperpolarizing in E-H. Corresponding records were obtained at identical stimulus strengths 
and the values relative to threshold strengths are indicated between the recordr. J. the 
triphasic records of the dorsal root volley, negativity unconventionally is signalled by a down- 
wards deflection. 
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Fig. 2H the latency was 1:3 msec, which was the briefest observed. In other 
similar recordings latencies between 1-3 and 2-0 msec were observed, which 


was @ larger range than that found with the direct IPSP evoked by activity 
in La afferents (cf. discussion of Fig. 8). 


The reversed IPSP’s in Figs. 1H and 2H have simple time courses which 
are not very different from that of the direct IPSP evoked by Ia afferents. 
Usually the Ib IPSP does not have this simple time course. The records in 
Fig. 3 were obtained from a motoneurone of the gastrocnemius-soleus group 
and show the effects of volleys in the nerve to plantaris. The cell was Ia 


Depolariaing 2x 10~* Hyperpolarizing 3x 10~® 


1-21 


Fig. 3. Intracellular recording, with micro-electrode filled with 3m-KCl, from a motoneurone of 
the gastrocnemius-soleus group with post-synaptic potentials evoked by group I volleys in 
the nerve to plantaris. Depolarizing current was passed through the micro-electrode in 
A-E and hyperpolarizing in F-J whereby the double-phased Ib IPSP was displayed. Cor- 
responding records were obtained at identical stimulus strengths with values relative to 
threshold strength indicated between the records. In the triphasic records of the dorsal root 
volley, negativity unconventionally is signalled by a downwards deflexion. 
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receptive from plantaris and the Ib effect shown here is thus not autogenetic 
but exerted on a motoneurone of a synergist muscle. Records A—E were 
obtained in a depolarized cell and records F—J in a hyperpolarized cell to show 
the reversed IPSP. Already at a stimulus strength of 1-21 times threshold 
there was a large Ib IPSP in B. In the corresponding record, G, the rising 
phase of the depolarizing potential had three components. The size of the last 
two increased somewhat when in records D and J the stimulus strength was 
raised to include the whole of group I, but, when the stimulus was increased to 
7 times threshold strength to include all group II, there was addition of only 
a small EPSP after a latency of 7 msec. The latency of the three deflexions in 
H was 0-5, 1-4 and 2-5 msec respectively and the onsets of the latter two are 
marked by arrows. Comparison with records A—E establishes that the potential 
with the brief latency in F—J was the monosynaptic EPSP, and that the two 
later potential waves were both IPSP’s, generated presumably by group Ib 
impulses. The appearance of these two components with a latency difference 
of 1-0—-1-2 msec has also been found in homonymous motoneurones. 

These two phases in the establishment of the Ib IPSP can be better observed 
when the potentials were not superimposed on the decaying EPSP. Records 
H-N, Fig. 4; show the IPSP established in a gastrocnemius motoneurone by a 
group I volley in the nerve from flexor digitorum longus. The threshold effect 
occurred in record J with a stimulus of 1-26 times the threshold strength, and 
the IPSP increased with the increased group I volley; but not when the stimu- 
lus was raised from 1-48 in Z to 1-95 in M. This IPSP must be caused by Ib 
afferents, whereas the later addition to the IPSP in record N is attributable 
to group II afferents. The onset of the Ib IPSP in Z occurred after a latency of 
1-8 msec and the total duration of the rising phase was almost 2-5 msec. It 
can be clearly seen that this rise occurred in two phases. About 1 msec after 
the onset of the IPSP the rate of rise decreased, to be followed again by a wave 
with fast rate of establishment. It should be noted that the two phases of the 
IPSP appeared together with a stimulus at just threshold for the effect, and 
that they increased together with increasing stimulus strength. 

For comparison, records A-G@ in Fig. 4 show an IPSP with a simpler time 
course in the same animal with stimulation of the plantaris nerve. Here 
presumably the second phase of the IPSP was so small that it served merely 
to maintain the IPSP at its maximum level for 1-2 msec. Except for this 
feature the IPSP’s of Fig. 4B-G resembled in their time course the IPSP 
of the direct inhibitory action exerted by Ia afferents from antagonist muscles. 
This is better illustrated in Fig. 5 with a faster sweep speed, where A shows the 
direct IPSP which a quadriceps Ia volley evoked in a posterior biceps- 
semitendinosus motoneurone, and B and C were recorded from a gastrocnemius 
motoneurone and show the IPSP’s evoked by volleys in the plantaris and 
flexor digitorum longus nerves respectively. Whereas the direct IPSP decayed 
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msec 
Fig. 4. Intracellular recording; with micro-electrode filled with 0-6™-K,SO,, from two moto- 
neurones of the gastrocnemius-soleus group; A—G@ show the Ib IPSP evoked by volleys in 
the nerve to plantaris and H-N the IPSP’s caused in another motoneurone of the same 
animal by volleys in the nerve to flexor digitorum longus. The stimulus strengths relative to 
threshold strength are indicated in the records. In the triphasic record of the dorsal root 
volley, negativity unconventionally is signalled by a downward deflexion, 
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immediately after having attained its maximum, the IPSP from plantaris 
was maintained for several milliseconds. The IPSP produced by the flexor 
digitorum longus volley rose in two phases, just as in Fig. 4 J-M. These two 
phases in the establishment of the IPSP have been regularly found with 
IPSP’s evoked by volleys in the nerve to flexor digitorum longus, but have 
been seen also with the IPSP’s produced by volleys in the gastrocnemius- 
soleus and the plantaris nerves. Even when the rising phase of the Ib IPSP 


A 


msec 


Fig. 5. Time course of the direct IPSP evoked by Ia impulses (A) and the Ib IPSP (B and C). 
Intracellular recording was made with micro-electrodes filled with 0-6m-K,SO,. A was 
obtained from a biceps posterior-semitendinosus motoneurone with stimulation of the 
quadriceps nerve. B and C show the IPSP’s evoked in a gastrocnemius motoneurone by 
group I volleys in the nerves to plantaris and flexor digitorum longus respectively. In the 
triphasic record of the dorsal root volley, negativity unconventionally is signalled by a 
downwards deflexion. 
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did not show this double composition, its total duration was as long as 2-5- 
3 msec, or approximately twice that obtaining for the direct IPSP. This was 
particularly common with the IPSP’s produced by quadriceps volleys and 
has been illustrated in an earlier paper (Eccles et al. 1957 a, Fig. 13). However, 
on some occasions it has been possible to demonstrate two waves also with the 
Ib IPSP evoked by a quadriceps volley. Record O, Fig. 6, shows an IPSP 


Depolarizing 2x10-® Hyperpolarizing 


5 mV 


Fig. 6. Intracellular recording with micro-electrode filled with 0-6m-K,SO, from gastrocnemius 
motoneurone on stimulation of the biceps posterior-semitendinosus nerve in A and B and 
on stimulation of the quadriceps nerve in C and D. A depolarizing current was passed through 
the micro-electrodes for recording of A and C, whereas B and D were obtained during passage 
of a hyperpolarizing current. For A and B the same stimulus strength was used, but D was 
caused by a weaker stimulus than C, as indicated by the respective values (1-65 and 1-96) 
giving the stimulus strengths relative to the threshold strength. In the triphasic records of 
the dorsal root volley, negativity unconventionally is signalled by a downwards deflexion. 


caused by a quadriceps Ib volley in a gastrocnemius motoneurone. It is some- 
what difficult to decide accurately the onset of the IPSP, but the rising phase 
lasted for approximately 3 msec. When a hyperpolarizing current was passed 
through the micro-electrode, the reversed IPSP showed clearly the two phases 
with respective latencies of 1-9 and 3-0. msec (the onset of second phase marked 
by arrow in record D). Record A shows the simpler Ib IPSP evoked in the 
same motoneurone by a volley in the biceps posterior-semitendinosus nerve. 
The duration of the rising phase was here about 1-5 msec and the reversed 
IPSP in B shows that this IPSP was mainly made up of the first wave which 
- was small in D. There was also the second wave in B, but it was much smaller 
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than in D. Also in this case the two waves appeared at the minimal strength 
giving the IPSP. 

The complex time course of the [PSP generated by a group Ib volley is 
sufficiently explained by assuming that the motoneurone is subjected to 
successive waves of inhibitory bombardment. For example two such waves 
at about 1 msec interval would produce the two-stage rising phase of the 
IPSP in Fig. 4J—N and in Fig. 5C, while in Fig. 5 B the second wave would be 
small and merely delay the decay of the IPSP. With some afferent volleys 
the absence of discrete waves in the prolonged rising phase of the IPSP may be 
attributable to asynchronism of the inhibitory bombardment. This situation 
occurs frequently when quadriceps volleys inhibit motoneurones lying one to 
two segments more caudally. It is possible that these motoneurones are 
supplied with inhibitory terminals from interneurones located in the inter- 
mediate nucleus at different segmental levels and if so such asynchronism 
would not be unexpected (cf. Eccles, Fatt, Landgren & Winsbury, 1954; 
Eccles, Fatt & Landgren, 1956). 

The question now arises whether an additional interneurone must be 
assumed in order to account for the second IPSP wave. An alternative 
possibility would be that by monosynaptic action the primary Ib volley 
could elicit a double discharge in the inhibitory interneurones, and in the 
intermediate nucleus such double discharges have been recorded from inter- 
neurones excited by group I afferents (Eccles e¢ al. 1956). For any particular 
inhibitory interneurones we may expect that an afferent volley that is at 
threshold for excitation would evoke only one impulse and that a second 
impulse would be discharged only after a considerable increase of the excita- 
tory synaptic action. However, the two phases of the Ib IPSP were found 
even with the weakest stimulations evoking the IPSP and the second phase 
was not relatively more prominent with the maximal than with the smallest 
observable IPSP (Fig. 4J~M). Consequently it is unlikely that the two phases 
in the Ib IPSP are caused mainly by the double firing of the inhibitory inter- 
neurones in response to monosynaptic excitation by the Ib volley. 

More conclusive evidence against this double-discharge explanation is pro- 
vided by the finding that in some motoneurones the Ib volley evokes an IPSP 
with a latency that approximately corresponds to the second hump in the 
double-phase IPSP. This is shown in Fig. 7, where records A—F were obtained 
from a plantaris motoneurone and records G—L from a motoneurone belonging 
to the lateral gastrocnemius-soleus groups. With both neurones the IPSP’s 
were caused by volleys in the flexor digitorum longus nerve. The two sets of 
records were obtained at 10 min interval and the corresponding records show 
the effects by volleys set up at identical stimulus strengths. The flexor digi- 
torum longus volley displayed the separation into Ia and Ib components. 
Record A illustrates the usual finding that the Ia volley evoked a monosynaptic 
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EPSP in a plantaris motoneurone (Eccles ef al. 19575). The Ib IPSP appeared 
with the very small Ib volley in record B and both the Ib volley and the Ib 
IPSP reached @ maximum in record Z, increase of the stimulus to 5-7 times 
threshold strength (#) only adding a much later inhibitory potential. The IPSP 
evoked by a flexor digitorum longus volley in B-E is a typical Ib effect, 


Fig. 7. Intracellular recording with micro-electrode filled with 0-6m-K,S0O, from plantaris moto- 
neurone in A—F and from lateral gastrocnemius-soleus motoneurone in G—L. The two sets of 
records were taken at 10 min interval in both cases with stimulation of the flexor digitorum 
longus nerve. For corresponding records identical stimulus strengths were used and the 
values given between the records are relative to threshold strength. In the triphasic records 
of the dorsal root volley, negativity unconventionally is signalled by a downwards deflexion. 
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corresponding to that shown in Fig. 4H-N and by Eccles e¢ al. (1957a, 
Fig. 12). The latency of the onset in # was 1-7 msec and the second component 
in the rising phase had a latency relative to the incoming volley of 2-9 msec. 
The IPSP’s in records H—L had the same threshold and reached a maximum 
in record K at the same stimulus strength as with the IPSP in the left column 
(record EZ). Similarly, increase of the stimulus strength above that needed for 
maximal activation of group I only added the late inhibitory potential in 
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Fig. 8. Distribution of latencies for 1b IPSP’s evoked in motoneurones of gastrocnemius-soleus, 
plantaris or flexor digitorum longus. Abscissae show the latencies in steps of 0-2 msec and 
ordinates the respective frequencies of occurrence of these particular latencies. 


record L. This close parallelism establishes that the IPSP’s in records H—K 
were evoked by Ib impulses. Since the latency in K, 3-0 msec, was identical 
with that of the second phase of the IPSP in £, it is reasonable to suppose that 
they had a common origin. The latencies in records H-K suggest a trisynaptic 
inhibitory pathway; hence it is likely that in records C-E the second phase 
was caused mainly by second interneurones in series in the inhibitory pathway 
and not by double firing of inhibitory interneurones evoked by a prolonged 
monosynaptic transmitter action of the I b volley. 

For a more detailed discussion it is necessary to consider the distribution 
of latencies to the onset of the Ib IPSP’s in a large population of motoneurones. 
Thus in Fig. 8 these latencies are plotted for gastrocnemius-soleus, flexor 
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digitorum longus and plantaris motoneurones. The distribution curve has 
two peaks, at 1-5~1-6 msec and at 2-7-2-8 msec. The former is much preferred 
with the latencies distributed from 1-3 to 2-2 msec. By comparison the 
latencies of the ‘direct’ IPSP evoked by the Ia afferent volley rarely exceed 
Pee Nevertheless, with the distribution shown in Fig. 8 it is unlikely 

t the latencies within the upper range of this group from 1-9 to 2-2 msec 
would represent a different synaptic linkage so far as the number of synapses 
are concerned. It has been suggested (Eccles et al. 1956) that the delay for 
excitation of the inhibitory neurones in the intermediate nucleus may be 
longer for Ib than for Ia volleys. 

It has already been pointed out that the second peak of the distribution 
curve in Fig, 8 presumably represents an additional synapse, which means 
that the synaptic linkage would be trisynaptic. With intermediate latencies, 
for example 2-3-2-4 msec, it would not be possible to say whether there was a 
disynaptic linkage with unusually long time delays or a trisynaptic linkage 
with exceptionally short delays. But some guidance is usually given by the 
duration of latencies of other Ib IPSP’s in the same animal. For example, 
in some animals the majority of the disynaptic IPSP’s tend to have brief 
latencies between 1-3 and 1-6 msec, hence in such a preparation a latency of 
2-3-2-4 msec would probably represent a trisynaptic linkage. In other animals 
the disynaptic IPSP tended to be close to 2 msec, so a latency of 2-3-2-4 msec 
would probably represent a disynaptic effect with an exceptionally long delay. 


Synaptic linkage of excitatory actions caused by Ib afferents 

Laporte & Lloyd (1952) reported that Ib afferent volleys exerted a 
disynaptic excitatory action on motoneurones of antagonist muscles. In the 
present investigation there has been evidence of a more widespread distribu- 
tion of the excitatory action of group Ib volleys, as will be described later. 
This section is concerned with the synaptic linkage of Ib excitatory actions. 

Fig. 9 shows EPSP’s which were evoked in two posterior biceps-semi- 
tendinosus motoneurones in the same animal by volleys in the nerve to 
flexor digitorum longus that displayed separation into Ia and Ib components. 
The two sets of records were obtained at an interval of 2 hr, and the dorsal root 
volleys in records F—J were recorded at somewhat lower amplification than in 
A-E. It is particularly noteworthy that as with Fig. 7 the range of stimulus 
strength needed to activate all group I fibres was very small. At 1-5 times 
threshold strength a maximal group I spike was evoked, as tested by the 
double volley technique (ef. Eccles et al. 19574). Ia volleys had no synaptic 
action on either of the neurones (records A, F), but EPSP’s appeared with 
the small Ib volleys in B and G, and reached a maximum when the stimulus 
strength was raised to maximum for group I (records D, J). Later EPSPs 
were added with stimuli of 4-6 and 3-8 times threshold strength in # and J 
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respectively. With the records in the left column the latency relative to the in- 
coming volley was 1-9 msec, whereas it was 3-0 msec in the neurone of records 
F-J. On analogy with the inhibitory effects (cf. Fig. 7) it is therefore suggested 
that this difference in latency represents an additional interneurone in series 
in the pathway, the synaptic linkage of the Ib action in G—J being _—— 


as against the disynaptic linkage in B-E. 
The situation with respect to the latency of the Ib excitation eveliea 3 in 


Fig. 9. Intracellular recording with micro-electrode filled with 0-6m-K,SO, from two motoneurones 
of the biceps posterior-semitendinosus group. The two sets of records (A—Z and F—J) show 
EPSP’s with different latencies evoked by Ib volleys in the nerve to flexor digitorum longus. 
The stimulus strengths relative to threshold strengths are indicated in the records. Lower 
amplification was used to record the dorsal root volley in F—J than in A—Z. In the records of 
the dorsal root volley, negativity unconventionally is signalled by a downwards deflexion. 
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motoneurones of antagonist muscles is of particular interest. Laporte & 
Lloyd (1952) concluded that this excitation was disynaptic, but it must be 
remembered that the direct inhibition at that time was believed to be mono- 
synaptic and their conclusion was based on the difference in latency between 
the onsets of the facilitatory and seen actions on a testing monosynaptic 
reflex. 


Fig. 10. A—L show synaptic actions in a re posteri di s motoneurone by volleys 

_ 0-6m-K,80,. M-T are monophasic records of the dorsal root volley obtained 2 hr later. 
Stimulus strengths relative to threshold strengths are indicated in the records. In the tri- 


phasic records negativity unconventionally is signalled by a downwards deflexion. 


Fig. 10 illustrates the Ia IPSP and the Ib EPSP evoked by volleys in the 
quadriceps nerve in a motoneurone of the posterior biceps-semitendinosus 
nucleus, The group I spike displayed the velocity separation in the Ia and 
Ib components, but there was some overlap with respect to threshold. At a 
stimulus strength needed to establish the maximal Ia volley in B, a small Ib 
volley was also excited, as was seen not only in the record of the dorsal root 
volley but also with testing by the double volley technique. Record A shows 
the IPSP evoked by a pure Ia volley, which probably was more than 80% 
maximal, the increase of the spike potential in B being mainly due to syn- 
chronization (cf. Eccles e al. 1957a). With progressive increase of the Ib 
volley (B-F) it is apparent that the decay of the IPSP became faster, showing 
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that the hyperpolarization of the IPSP was opposed by an EPSP which 
even depolarized the membrane below resting potential. The Ib volley 
was maximal somewhat below a stimulus strength of 2-2 times threshold and 
the EPSP changed very little from F to J with an increase of stimulus strength 
- from 1-78 to 2-2 times the threshold strength. When the stimulus strength was 
raised to 3-1 times in record K, there was a large additional EPSP. Its onset, 
marked by an arrow in K, had a latency of 4-5 msec, but with further increase 
of the stimulus strength in Z the onset merged with the rising phase of the 
EPSP evoked by the low threshold afferents. The monophasic action potentials, 
M-T, were obtained 2 hr later from the severed dorsal L6 root in response to 
stimulation of the quadriceps nerve. The group II component appeared only 
in record R when the strength of stimulation was raised from 2-35 to 2-73 times 
threshold. Correspondingly the EPSP attributable to group IT appeared in 
record K when the stimulus strength was raised from 2-2 to 3-1. Hence it is con- 
cluded that the EPSP in records B—J was generated by Ib afferent impulses. 

The latency of the Ib action in EJ was 2-7 msec, which would make it a 
trisynaptic effect. A disynaptic action with brief latency would appear only as 
a general decrease of the direct IPSP and would hence be difficult to disclose. 
Only on few occasions has there been definite evidence for the production of 
a disynaptic EPSP by Ib impulses from antagonist muscles. In one case the 
direct IPSP was very small and the Ib EPSP could be clearly observed, 
whereas in another case the Ib EPSP showed up as a break in the rising phase 
of the direct IPSP. 

The distribution of latencies for excitatory actions evoked by Ib afferents 
in motoneurones to flexor muscles is given in Fig. 11. Effects from antagonist 
extensor muscles are not included since it was often difficult to measure the 
latency of the EPSP that was superimposed on the direct IPSP. As with the 
Ib IPSP’s the distribution tends to have two maxima. Presumably the 
latencies distributed about a maximum at 1-7-2-2 represent a disynaptic 
linkage, and those with a peak distribution from 2-7-3-0 a trisynaptic linkage. 
A comparison with Fig. 8 reveals that a trisynaptic linkage is more common 
with the excitatory Ib actions than with the inhibitory. Furthermore, there 
is a tendency for both the disynaptic and the trisynaptic excitatory action to 
have somewhat longer latencies than the corresponding inhibitory effects. 


Fields of distribution of the Ib actions 
Table 1 incorporates the Ib synaptic actions observed in twenty experiments. 
It is apparent that with motoneurones of extensor muscles, particularly gastro- 
cnemius-soleus, plantaris and flexor digitorum longus, the inhibitory actions 
predominate, whereas with motoneurones of flexor muscles (posterior biceps- 


semitendinosus and the pretibial flexors), excitatory actions are much more 
common. Despite the fact that even small Ib actions have been included in 
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Fig. 11. Distribution of latencies for 1b EPSP’s evoked in motoneurones to biceps posterior- 
> semitendinosus or the pretibial flexors by volleys in the nerves to quadriceps, plantaris, 
gastrocnemius-soleus or flexor digitorum longus. Abscissae show the latencies in steps of 
0-2 msec and ordinates the respective frequencies of occurrence of these particular latencies. 


TaBLE 1, Observed occurrence of Ib excitatory and inhibitory actions relative to numbers of 
investigated motoneurones to extensor and flexor muscles. Q, quadriceps; BST, biceps 


itendinosus; G-S, gastrocnemius-soleus; P, plantaris; FDL, flexor digitorum 


longus; PTF, pretibial flexors 
} Species of Type of muscle afferents 
motoneurone A — 
A Q BST GS P FDL PTF 
Q Exc. 0 3 0 0 0 0 
Inh. 5 0 1 l 2 0 
No. 14 21 6 5 9 3 
BST Exe. 18 i 14 16 22 2 
Inh. 3 4 3 4 9 0 
No. 120 52 58 59 57 52 
5 Gs Exe. i 1 0 0 0 i 
Inh. 26 12 26 31 37 0 
| No. 63 46 63 56 59 56 
| P Exc. 0 2 i) 0 0 i 
Inh. 8 i 9 10 15 0 
No. 15 8 10 10 16 il 
| FDL Exe. 0 0 0 0 0 0 
Inh. 6 I 10 12 15 1 
F No. 12 10 14 15 18 15 
PTF Exe. 8 6 7 3 il 0 
Inh, 0 0 0 0. 2 2 
No. 30 31 39 27 37 36 
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Table 1, it is noteworthy that these effects are not found in all motoneurones. 
In part this is a variation between different animals; in some, Ib volleys have 
had almost no excitatory or inhibitory action. However, even in an animal 
in which Ib effects have been common, there has been a large range of varia- 
tions with motoneurones within the same nucleus. The distributions of Ib 
actions to individual motoneurones are shown in Table 2 for extensor moto- 
neurones and in Table 3 for flexor motoneurones. Included in these tables are 
all the motoneurones encountered in three experiments in which Ib effects 
were common. 


TaB_z 2. Synapticactions evoked by I b impulses in all motoneurones to extensor muscles analysed 
in three experiments. Inhibitory and excitatory actions are denoted by ( — ) and ( +) respect- 
ively. Intensities of synaptic actions are indicated by mumsbers of signs. (0) signifies that no 


action was observed. Q, quadrices; BST, biceps-semit ; G-8, gastr soleus ; 
P, plantaris; FDL, flexor digitorum longus; PTF, pretibial flexors 
Type of muscle afferents 
Species of r A + 
motoneurone Q BST G-8 P FDL PTF 
GS 1 -- 0 0 0 - 0 
2 -- 0 - 0 --- 0 
3 0 0 0 0 
4 0 0 0 0 
5 -- - 0 
7 - ++ - -- ~ 0 
8 -- -- 0 0 
9 0 0 --- --- 0 
10 - -- -- --- 0 
ll -- -- 0 
12 0 0 -- -- -- 0 
14 0 -- 0 
15 ~ --- 0 
16 -- + -- -- --- 0 
17 -- - -- --- 0 
18 0 --- 0 
FDL 19 0 0 0 - -- 0 
20 0 0 - ~ --- 0 
21 0 -- -- 0 
22 -- - ~- 0 
23 


With respect to the actions on motoneurones of extensor muscles, the main 
attention in Table 1 should be drawn to the motoneurones of the leg muscles, 
gastrocnemius-soleus, plantaris and flexor digitorum longus, No significance 
should be attached to the general absence of effects on quadriceps moto- 
neurones, because the actions of volleys from the nerves to leg muscles were 
examined only in two experiments, which were both generally characterized 
by poor Ib effects. With the other extensor motoneurones it is noteworthy 
that the autogenetic effects were not more common than inhibitory actions 
from nerves to other extensor muscles and that inhibitory effects from nerves 
to flexor muscles were rare, with the one exception that Ib volleys from the 
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nerve to posterior biceps-semitendinosus inhibited gastrocnemius-soleus 
motoneurones in 12 out of 46 cells. Among the gastrocnemius-soleus moto- 
neurones the soleus could be distinguished on account of their Ia receptive- 
ness from quadriceps (Eccles et al. 19576) and their longer after-hyperpolariza- 
tions (Eccles, Eecles & Lundberg, 1957c). It was regularly observed that 
these neurones received particularly large Ib inhibitory actions. 

Laporte & Lloyd (1952) reported that extensor motoneurones received Ib 
excitatory action from the antagonistic flexor muscles. Our evidence of such 
action has been very scanty. The effect of posterior biceps-semitendinosus 
volleys has been examined in 21 quadriceps motoneurones (15 in one animal 
with good Ib effects). In only 3 motoneurones was there a small excitatory 
action. Of 56 gastrocnemius-soleus motoneurones only 1 received Ib excita- 


TaB_z 3. Synaptic actions evoked by I b impulses in all motoneurones to flexor muscles analysed 
in three experiments. Excitatory and inhibitory actions denoted by ( +) and( — ) respectively. 
Intensities of action are given by numbers of signs. Q, quadriceps; BST, biceps-semitendino- 
sus; G-S, gastrocnemius-soleus; P, plantaris; FDL, flexor digitorum longus; PTF, pretibial 
flexors 


Type of muscle afferents 

Species of A 
motoneurone Q BST G-8 P FDL PIF 
BST 1 0 0 + + ++ 0 
2 0 0 0 0 0 0 

3 ++ 0 - 0 -- 0 

4 0 0 0 0 0 0 

5 + 0 + + ++ 0 

6 0 0 0 0 - 0 

7 ++ 0 +++ 0 +++ 0 

8 0 0 0 0 0 0 

9 + 0 ++ ++ +++ 0 

10 0 0 0 0 0 0 

ll ++ 0 ++ ++ ++ 0 

12 + 0 + + ++ 0 

13 + 0 ++ + ++ 0 

14 0 - ++ 0 + 0 

15 0 0 0 0 0 “oO 

16 toe 0 ++ ++ ++ 0 
PTF 17 ++ + + + ++ 0 
18 0 0 0 0 -- 0 

19 0 + 0 0 ++ 0 

20 0 0 0 0 + 0 

21 0 0 + + + 0 

22 + 0 0 0 ++ 0 

23 0 0 0 0 + 0 

24 + ++ 0 0 + 0 


tion from the nerves to the pre-tibial flexors. By contrast, the motoneurones of 
flexor muscles (2nd and 6th rows of Table 1) frequently were found to receive 
Ib excitatory action from their antagonist extensor muscles, as has been de- 
scribed by Laporte & Lloyd. However, it is of particular interest that such 
excitatory action was supplied also by other extensor muscles than the 
antagonists (Tables 1 and 3). Volleys in nerves to flexor digitorum longus, 
plantaris and gastrocnemius-soleus muscles more frequently exerted a Ib 
16-2 
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excitatory action on biceps-semitendinosus motoneurones than did volleys 
from the proper antagonist muscle, quadriceps, and Table 3 indicates that the 
action was often larger. Similarly, quadriceps Ib volleys caused excitation in 
8 of 30 motoneurones supplying the pretibial flexor muscles. Excitatory 
action was also sometimes supplied by afferents from other flexor muscles; 
of 31 motoneurones of the pretibial flexors 6 collected Ib excitation from 
posterior biceps-semitendinosus, whereas only two of 52 biceps-semitendinosus 
motoneurones received a reciprocal excitation from the pretibial flexors. 


Fig. 12. Intracellular recording, with micro-electrode filled with 0-6m-K,S0,, from a moto- 
neurone of the peroneus tertius-brevis group with IPSP’s evoked by volleys in the nerve to 
flexor digitorum longus. The Ia volley contributes the direct IPSP and the Ib volley in 
D-H a second wave of IPSP after a longer latency. The stimulus strengths relative to thres- 
hold strength are indicated in the records. In the triphasic record of the dorsal root volley, 
negativity is signalled unconventionally by a downwards deflexion. 


io also noteworthy that stiacts on Seger motonetrones ave rave. Table 1 shows 
that 4 of 52 biceps di motoneurones received homonymous [b inhibition. It must, 
however, be pointed out that, of these 4 neurones, 3 were Ia-receptive from both biceps-semitendi- 
nosus and gastrocnemius-soleus (cf. Eccles ef al. 19575), and in those 3 neurones a quadriceps 
Ia volley did not evoke the usual direct IPSP, whereas a Ib volley from quadriceps set up an 
IPSP, as did also group I volleys from gastrocnemius-soleus, plantaris and flexor digitorum longus. 
Hence those presumed biceps di neurones displayed a pattern of innervation charac- 
teristic of extensor motoneurones. However, even apart from those effects, where the neurone 
may have innervated motor unite with an extensor function (cf. Eccles et al. 19576), there have 
been some other flexor motoneurones in which Ib afferents produced inhibitory actions as shown 
in Table 3. Sometimes an inhibitory action was evoked from one muscle and excitatory action 
from another. One example of a flexor motoneurone receiving a particularly large Ib inhibitory 
action from an extensor muscle is given in Fig. 12 and is presented in order to show deviation 


from the normal pattern. The neurone belonged to the peroneus tertius or brevis muscles and — 


the records in Fig. 12 give both IPSP’s generated by volleys in the nerve to flexor digitorum 
longus, and the afferent. yolleys which displayed the separation into the Ia and Ib components. 
Records A-C show the direct [PSP produced by Ia afferents. At a stimulus strength of 1-27 in 
D the small Ib volley caused a later addition to the IPSP. With increase of the stimulus strength 
this IPSP reached a maximum in G at a strength that was still slightly submaximal to group |. 
In H a stimulus of strength 2-07 presumably activated some of the group II afferents with the 
result that there was a small very late addition to the IPSP. 
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DISCUSSION 
The present investigation is oriented in relation to two problems: the synaptic 
linkages involved in the excitatory and inhibitory actions that Ib volleys 
exert on motoneurones; and the distribution of these actions on to the moto- 
neurones of several types of hind limb muscles. 

In confirmation of the findings by Laporte & Lloyd (1952), it has been ob- 
served that group Ib inhibitory action usually operates through a disynaptic 
pathway. The latency may be almost as brief as with the ‘direct’ IPSP evoked 
by Ia afferents, but sometimes has been as much as 0-7 msec longer. It has 
been suggested by Eccles et al. (1956) that this longer latency of the Ib IPSP 
may be due to a longer transmission delay in the intermediate nucleus. It 
has however now been found that, in addition to the common disynaptic 
linkage for the Ib inhibitory action, this effect may be exerted through a 
trisynaptic pathway. This trisynaptic linkage presumably is largely responsible 
for the difference in time course between the IPSP’s produced by Ia and Ib 
volleys. There is at present no need to assume that a single inhibitory inter- 
neurone activated by group Ib impulses produces in the motoneurones an 
IPSP having a slower time course than the IPSP produced by an interneurone 
activated by La impulses. 

There is also evidence that group Ib volleys exert synaptic excitatory 
action through both disynaptic and trisynaptic linkages, with dominance of 
the latter, in contrast to the disynaptic dominance with inhibitory effects. 
Laporte & Lloyd (1952) concluded that Ib synaptic excitatory action was 
disynaptic because it had a longer central latency than the direct inhibitory 
action of a Ia volley, being first detectable as a faster decay of the direct 
inhibitory curve. Since the direct inhibitory pathway is now known to be 
disynaptic, the much later onset of the [b EPSP can hardly be compatible 
with a disynaptic linkage, even if allowance is made for the somewhat longer 
synaptic transmission time. Presumably it is an example of a trisynaptic 
excitatory pathway. 

With respect to the distribution of Ib effects, the technique of intracellular 
recording offers the advantage that the quantitative relationships of the Ib 
actions from various sources can be easily evaluated. There is agreement 
with the findings by Laporte & Lloyd that the inhibitory actions have a very 
wide distribution on to extensor motoneurones. It is noteworthy that auto- 
genetic effects have not been specially prevalent, and that with any group of 
motoneurones the degree to which the Ib inhibitory action is exerted from 
various muscles does not seem to have any relation to the ‘Ia-receptiveness’ 
(Eccles et al. 1957) of the particular motoneurone from these muscles. 

A Ib inhibitory action by volleys from flexor muscles to motoneurones of 
flexor synergists was described by Laporte & Lloyd (1952), but has only on 
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rare occasions been observed in the present investigation. It is possible that 
the anaesthesia may account for the usual absence of these Ib actions in our 
experiments, but, if we assume that the various Ib effects decrease proportion- 
ally during anaesthesia, the findings would at least suggest that Ib inhibitory 
action on homonymous and synergic flexor motoneurones is weak. 


Similarly we have not been able to observe that Ib impulses from flexor 


muscles exert an excitatory action on antagonist extensor motoneurones. 
Such an action of Ib impulses was part of the ‘inverse myotatic reflex mechan- 
ism’ of Laporte & Lloyd (1952), the inhibitory effects of Ib impulses on 
synergic motoneurones being supplemented by a reciprocal excitatory action 
from the antagonist muscles. Their method for disclosure of excitatory action 
was in many cases based on extrapolation of the direct inhibitory curve from 
the summit, deviation therefrom being ascribed to Ib excitatory action. This 
method is subject to criticism, as mentioned in the introduction, and it is 
therefore difficult to know how often an authentic excitatory action was in 
fact demonstrated. On the other hand, our findings that extensor muscles 
supply excitatory action to motoneurones of antagonist flexors is in agree- 
ment with their conclusion, but it is noteworthy that this action is exerted by 
afferents not only from antagonist muscles, but also from many other muscles. 

Granit (1952) found that ankle extensors and flexors were not symmetrical 
in so far as the reciprocal action of afferent impulses was concerned. Afferent 
impulses set up by contraction of the gastrocnemius muscle evoked autogenetic 
inhibition of the motoneurones of this muscle coupled with excitatory action 
on motoneurones of the pretibial flexors. However, afferent impulses set up by 
contraction of these flexors generally produced a pure inhibition of the ankle 
extensor motoneurones. This asymmetry of the central actions of impulses 
from flexor and extensor muscles evidently parallels our observations with 
Ib impulses. 

To summarize, it may be said that inhibitory actions are common on 
motoneurones to extensor muscles and excitatory actions on motoneurones to 
flexor muscles. But it would not be correct to draw the conclusion that the 
central action of Ib impulses follows the flexor reflex pattern. In Laporte & 
Lloyd’s scheme exceptions are provided both by the inhibitory action on to 
the synergic flexors and by excitatory action from flexors on to the antagonist 
extensors. Deviation from the flexor reflex pattern is evident even in the present 
results. For example, Ib impulses from flexor muscles very rarely exert 
any inhibitory action on extensor motoneurones, and have no demonstrable 
homonymous excitatory action on flexor motoneurones. On the other hand, 
the synaptic actions evoked by group II impulses usually follow the pattern 
of the flexor reflex, including excitatory action on homonymous flexors as 
well as inhibitory action on antagonist extensors (Hunt, 1953; R. Eccles & 
Lundberg, unpublished observations). 


T | 
the t 
dire 
of th 
gene 
q refer 

mo 
denc 
direc 
l. 
volle 
in 
2. 
evid 
late 

the 
3. 
but 
4 link 
4. 
acti 
q 5. 
fron 
diffe 
| 6. 
effec 
Ib i 
Bary 
Bral 
Coon 
Dew 

Eo 
Eo 


Jb ACTIONS ON MOTONEURONES | 251 


The question of terminology with regard to the inhibitory actions exerted by 
the two types of group I afferents deserves some discussion. Although the term 
‘direct inhibition’ was coined to denote the supposed monosynaptic character 
of the inhibitory action from antagonist muscle, we propose on account of its 
general usage that this term be retained for the present, the word ‘direct’ 
referring to the restricted distribution of the Ia inhibition. By contrast, the 
more widespread inhibitory action caused by Ib afferents should not be 
denoted ‘disynaptic inhibition’ since it is not thereby distinguished from the 
direct inhibition. The term ‘Ib inhibition’ has been used in the present paper. 


SUMMARY 


1. The synaptic actions on different species of alpha motoneurones by 
volleys in Ib afferents from various hind-limb muscles have been investigated 
in cats under pentobarbitone anaesthesia. 

2. With the inhibitory actions the disynaptic linkage is often found but 
evidence for trisynaptic linkage has been common, being indicated either by a 
latency for the onset of the IPSP that exceeds 2-5 msec or by an addition to 
the disynaptic IPSP of a second IPSP having this same long latency. 

3. With the excitatory actions a disynaptic linkage has been encountered, 
but more often the latency of the EPSP has been so long that a trisynaptic 
linkage has been presumed. 

4. Motoneurones of extensor muscles frequently received inhibitory Ib 
actions from a variety of extensor muscles, but rarely from flexor muscles. 

5. Motoneurones of flexor muscles recefVed Ib excitatory action not only 
from the antagonist extensor muscles, but also from extensors operating at a 
different joint and in some cases also from flexor muscles operating at a 
different joint. 

6. Ib impulses from the flexor digitorum longus muscle were particularly 
effective in evoking inhibitory actions. 

7. There are indications that motoneurones to slow muscles receive larger 
Ib inhibitory actions than those to fast muscles. 
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A certain amount is known about the way in which calcium may affect the 
permeability of nerve membranes to sodium and potassium ions (see Brink, 
1954; Frankenhaeuser & Hodgkin, 1957), but there is little information about 
the permeability to calcium itself. The main object of the experiments 
described in this paper was to measure the rate at which calcium labelled with 
the radioactive isotope “Ca crosses the surface membrane of resting squid 
axons, and to see whether calcium moves faster through the membrane during 
nervous activity. Investigations on the permeability of cell membranes to 
labelled substances are often complicated by uncertainty as to whether a 
genuine penetration of the intracellular region has taken place, or only an 
exchange with extracellular material. Such doubts tend to be especially acute 
with a substance like calcium whose internal concentration is very low (Keynes 
& Lewis, 1956). The squid giant axon is a good preparation for studying calcium 
permeability, because extruded axoplasm can be used for measurements of 
influx, while the micro-injection technique can be used to determine efflux. 
Partly because of the necessity of working with extruded axoplasm, and partly 
because of the softness of the 8-radiation emitted by “Ca, it was not feasible 
to make successive measurements of resting and stimulated influx, in the 
manner described by Keynes (1951) for sodium and potassium. However, by 
comparing influx figures for groups of axons treated differently it was possible 
to obtain reasonably consistent estimates of the extra entry of calcium 
associated with the conduction of impulses. 

Radioactive calcium was also used in an attempt to throw some light on the 
state of calcium inside living cells. The calcium in a short length of axoplasm 
was labelled with the help of a microsyringe, and the subsequent movements 
of the radioactive patch were studied in the presence and absence of an applied 
longitudinal voltage gradient. In contrast to the behaviour of potassium 
under sintilar circumstances (Hodgkin & Keynes, 1953), the “Ca moved very 
little, suggesting that most of the calcium is in a relatively immobile form. 
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The permeability measurements were begun by one of us in the summer of 
1954, in collaboration with Dr E. Fliickiger (see Fliickiger & Keynes, 1955), 
but the greater part of the work discussed here was done in the following year. 


METHODS 
Materials 

Giant axons were dissected in the usual way from Loligo forbesi, cutting the branches as far as 
possible from their junction with the main axon. For experiments in which the axoplasm was 
to be extruded it was possible to work with smaller animals (which were often in more plentiful 
supply) than could conveniently be used when a 100, micro-electrode or microsyringe was to be 
inserted into the axon. A few experiments were done with second stellar nerves dissected from 
large specimens, whose innermost axons had been taken for other purposes. Some of the influx 
experiments, and all those on efflux and calcium mobility, were done with axons carefully cleaned 
from adherent tissue; but uncleaned axons, soaked in the radioactive solutions as intact nerve 
trunks, were used for most of the influx measurements. 


Solutions 

Some experiments were done in an artificial sea water containing both calcium and magnesium, 
similar in composition to that used by Hodgkin & Keynes (1955), except that bicarbonate was 
substituted for phosphate. On other occasions the solutions were based on those used by Franken- 
haeuser & Hodgkin (1957), magnesium and sulphate being omitted, and the amounts of CaCl, 
and NaCl varied in such a way as to maintain approximate isotonicity with sea water. The com- 
position of the solutions in which the potassium concentration was normal is shown in Table 1; 
when the amount of KC! was raised to 52 or 208mm, an equivalent quantity of NaCl was 
subtracted. 

Taste 1. Composition of solutions (mg-ions/l.) 


(1) (2) (3) «4 


Nat 486 526 492 392 
K+ 10-4 10-4 10-4 10-4 
Ca 107 29-4 44-8 112 
510 581 593. 626 
HCO,- 0-5 0-5 0-5 05 


The radioactive calcium was supplied as a neutral solution of “CaCl,, about 0-03M, specific 
activity 240 uc/mg Ca. The labelled sea water was made up by weighing out 100-300 mg of the 
“Ca sample, and adding appropriate weights of : (a) inactive CaCl,, usually as a 0-5m solution; 
(6) a solution containing NaCl, KCl, NaHCO,, MgCl, and MgSO, at twice or four times their final 
desired concentration; (c) sufficient distilled water to make a total volume of about 1 ml. The 
pH was checked on a tile with bromthymol blue, and was never far from 7. 

The specific activity of the calcium in each batch of labelled sea water was determined before 
and after using it, a portion being diluted by weight about 200 times with sea water, and 50 mg 
samples of the diluted solution being counted in the standard fashion (see below). Although none 
of the 1 ml. batches of radioactive sea water was used for more than seven influx determinations, 
some trouble was experienced from progressive evaporation of the sea water while axons were 
soaked in it at room temperature, and from condensation into it during the low temperature 
experiments. In the worst case the solution lost by evaporation about 37% of its initial volume, 
but usually the loss was under 15%. Checks showed that the final specific activity had changed 
much less than the tonicity, and was generally within 7% of the initial value. Only tite last axons 
exposed to each radioactive sample could have been seriously affected by these changes, and 
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errors from differences in the solutions were in any case minimized by treating the axons in pairs. 


The results for one extreme case having been rejected, the remainder are unlikely to have been 
seriously in error because of evaporation. 


Radioactivit 

Preliminary tests showed that adequately reproducible results could be obtained by putting 
0-7 ml. of sea water containing some “Ca in a shallow flat nickel dish 25 mm in diameter, adding 
2 drops of 0-2™ sodium oxalate to precipitate the calcium, and drying under a lamp. This treatment 
resulted in a uniform distribution of the calcium over the surface of the dish, and reduced the 
error from any slight crusting at the edges. The samples were counted under a mica end-window 
Geiger tube (G.E.C. Type EHM28). In the course of standardizing a number of batches of radio- 
active sea water it was calculated that the standard deviation for a single sample was of the order 
of +3%. The f-radiation from “Ca has an energy of only 0-25 MeV; it was found that self- 
absorption by the solid matter in the samples (totalling about 5 mg/cm*) reduced the counting 
rate to two-thirds of that obtained when the same trace quantity of “Ca was added to 0-7 ml. of 
distilled water and dried. However, since the standard volume of 0-7 ml. of sea water was added 
to all axoplasm samples and standards before precipitating the calcium and drying them, no 
correction had to be made for this self-absorption. It was also unnecessary in most of the experi- 
ments to correct for decay of the “Ca, as the samples were generally counted within 2 days of 
counting the standards, and the half-life of the isotope is 152 days. In the cases where rather 
greater time intervals were involved, allowance was made for decay, and al] counting rates quoted 
in the text or in figures have been suitably corrected. 


Influx determinations 

After the axons had been dissected, and again before the final extrusion, they were carefully 
examined for signs of deterioration at the bases of branches; this was visible as a brownish opacity 
in direct Mumination, or as an area scattering more light when dark-ground illumination was used. 
Damaged extremities were tied off, and the excitability of the axon was tested with its two ends 
lifted in forceps just above the surface of the sea water, as described by Hodgkin & Keynes (1955). 
The axon was then immersed in a small rectangular glass vessel containing the “Ca sea water, 
either resting or stimulated at 25—156/sec, the ends being lowered beneath the surface every few 
minutes in order to prevent them from drying up. On completion of the period in radioactive sea 
water, the axon was transferred to a large dish of inactive sea water, in which ite diameter was 
measured and a length of a few millimetres near one end quickly cleaned (where a whole nerve 
trunk was being used) under a dissecting microscope; this operation took 10-15 min. It was next 
detached from the forceps, cut through with scissors in the centre of the cleaned stretch, and laid 
on a piece of filter paper with the cleaned end overlapping on to a small weighed square of cello- 
phane. The axoplasm was now extruded from the central part of the axon by gentle pressure from 
a small Perspex roller. After the cellophane and axoplasm had been reweighed on a torsion 
balance, they were put into 0-7 ml. of sea water on a nickel dish. In a minute or two the axoplasm 
had completely dispersed, owing to the action on it of the calcium in the sea water (Hodgkin & 
Katz, 19494). The sodium oxalate was added, and the contents of the dish were now ready for 
drying. Since the cellophane square tended to curl up as it dried, it was removed at this stage; 
checks showed that the amount of radioactivity adhering to it was negligible. The dishes were 
counted in a conventional lead castle. 


Efflux determinations 
On two occasions axons were loaded with “*Ca by soaking for 2 br in radioactive sea water 
containing 10-7 mm-Ca* (the mixture of “Ca and “Ca in the labelled solution is designated Ca* 
throughout this paper) and 55 mm-Mg (solution (1), Table 1). The calcium in one axon was labelled 
by 20 min stimulation at 156/sec in sea water containing 112 mm-Ca* (solution (4), Table 1). For 
the other efflux experiments, the isotope was introduced into cleaned axons by the micro-injection 
of a small volume of the “CaCl, sample diluted with 0-6m-KCL The procedure described by 
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Hodgkin & Keynes (1956) was simplified by omitting the initial insertion of a 100» micro- 
electrode; the microsyringe was lowered into the axon until its tip was 20-30 mm below the 
cannula, and a column of fluid 15-20 mm in length was then injected. After the axons had been 
cleaned and suitably loaded with “Ca, they were mounted on forceps, théir. condition being judged 
from the size of the externally recorded spike. The efflux was measured by determining the amount 
of radioactivity which emerged into a series of puddles of inactive sea water located in narrow 
grooves on a paraffin-wax block. The puddles had the standard volume of 0-7 ml., and were 
subsequently transferred to nickel dishes for the “Ca in them to be counted as before. During 
a few of the collecting periods the axons were stimulated at 50/sec. At the end of each experiment 
the whole axon was dried in a dish with 0-7 ml. sea water, in order to determine the amount of 
“Ca still remaining in it. 
Mobility experiments 

Axons were cleaned and cannulated, and a point about 30 mm from the end of the cannula 
was marked by knotting a hair round a strand of connective tissue, care being taken not to harm 
the axon in the process. The microsyringe was loaded with a short column of “CaCl,, a very small 
air bubble being sucked in at the extreme tip in order to act as a guard against premature mixing 
with the axoplasm during the process of insertion, and was then lowered to a position about 1 mm 
beyond the knot. A 2 or 3 mm column of “CaCl, was injected, the precise limits of the injected 
region being defined by the emergence into the axoplasm of two small air bubbles—the guard 
bubble at the lower end, and at the upper end part of the much larger bubble which routinely 
separated the “CaCl, from the fluid filling the remainder of the shaft of the microsyringe. The 
location of these air bubbles relative to the knot and the exact length of the injected patch were 
observed with a dissecting microscope and micrometer eyepiece. The ends of the axon were 
identified by tying differently coloured threads round them, and the axon was then transferred 
to two pairs of forceps in which it was held horizontally in a dish of paraffin oil. A longitudinal 
voltage gradient could be applied by immersing the ends of the axon in two puddles of sea water 
under the oil, containing large Ag—AgCl electrodes with a 7-5 V dry battery and a 100 kQ wire- 
wound resistor in series between them. The voltage drop along the 40 mm length of axon stretched 
between the puddles was measured by means of a voltmeter connected to the outputs of two 
cathode-followers. The wick leading to one of the cathode-followers could be slid along the axon 
during the experiment in order to measure the potential gradient, which was satisfactorily 
uniform over the central 30 mm. The other wick was dipped into the anodal puddle. The voltmeter 
was subsequently calibrated against a Weston standard cell. After varying periods in the oil, 
with or without electric current flowing along the axon, the excitability of the axon was checked 
and, having been lightly blotted, it was laid on a numbered glass slide with the knot close to a 
hair-line scratched across the glass. Some of the axons were allowed to dry at room temperature, 
and others were dried under a lamp. 

The distribution of “Ca was determined by taking a series of counts with a mica end-window 
Geiger tube in a standard lead castle fitted with a special screening device. This consisted of 
@ piece of 1 in. steel rule through which a short slot 1 mm wide was cut at right angles. Strips of 
cellophane tape were stuck along each side underneath the rule to act as spacers, and the glass 
slide was pressed against these by springs. The slide could thus be moved along beneath the slot, 
just far enough from it (0-4 mm) to avoid scraping the dried axon. The distance setting of the slide 
was done with the help of a microscope, which enabled the exact position of the knot on the axon 
to be observed relative to the hair-line on the slide and hence to the millimetre divisions engraved 
on the rule. The axons were counted (usually for 50 min in each position) at 0-5 or 1-0 mm intervals 
over @ distance of about 6 mm on either side of the knot. Counting rates were small, and the 
background was therefore measured as accurately as possible by taking long counts throughout 
the night; it seemed to vary significantly from time to time, but was always between 6 and 7 counts/ 
min. For two of the axons, preliminary counts were taken soon (1-9 days) after performing the 
experiment. The final counts for all the axons were taken in Cambridge, a month or two later. 
Apart from slight differences due to a change in the spacing between the slides and the steel rule, 
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the measured distribution of radioactivity in the two axons which were counted twice was 
unaltered by the lapse of about 8 weeks. This provided evidence that there was no appreciable 
movement of the “Ca once the axons had been dried. 

In order t#see how far the distribution patterns were likely to be distorted by the characteristics 
of the window, aset of counts was taken with a speck of dried “CaCl, solution, 0-26 mm in diameter, 
on a slide. The cut-off was reasonably sharp, as Fig. 1 shows. This curve was used as described on 
p- 274 to correct theoretical distribution curves before fitting them to the observed curves. 


100 


Distance (mm) 
Fig. 1. The characteristic of the window used in counting the dried axons. For the purpose of 
correcting the theoretical distribution curves, the percentage count at different distances from 
the central position was taken from this curve as: 0, 100%; 0-4 mm, 70%; 0-8 mm, 19%; 
1-2 mm, 5%; 1-6 mm, 25%; 2-0 mm, 1%. | 


RESULTS 
The time course of calcium exchange | 
Before starting on the main series of influx determinations using extruded 
axoplasm, an experiment of the ‘soak-in, soak-out’ type was performed, with 
the object of obtaining a rough idea of the time constants involved in the 
exchange of calcium in a cleaned but intact axon. After the axon had spent 
117 min in sea water containing 10-7 mm-Ca* and 56 mm-Mg (solution (1), 
Table 1), it was passed through a number of samples of inactive sea water with 
a similar composition, in most of which it remained for 20 or 30 min. These 
samples were treated in the usual way, dried and counted. The resulting 
counting rates, divided by the period spent in each sample so as to give the rate 
of loss of radioactivity from the axon, are plotted semi-logarithmically. against 
time in Fig. 24. At the end of the experiment the amount of “Ca still re- 
maining in the axon was measured by counting some axoplasm extruded from 
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part of it. 3-5 mg of axoplasm gave 270 counts/min, that ig to say 77 counts/ 
min. mg, while the remaining 8-9 mg of axon and sheath gave 497 counts/min. 
As the total quantity of axoplasm calculated from the dimensions of the nerve 
(diameter 512, length 51 mm, density 1-05 g/cm*) was 11-0 mg, the residue 
‘must have contained about 7-5 mg of axoplasm and 1-4 mg of sheath and 
connective tissue. Expressed in terms of axoplasm, its radioactivity was 
therefore 66 counts/min. mg. The discrepancy between this figure and that for 
the extruded axoplasm may have arisen partly from additional absorption of 
the radiation by the dried whole axon. 


Or 
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Fig. 2. The time course of calcium exchange in an isolated squid axon which first spent 117 min 
in “Ca sea water and was then washed in a series of samples of inactive sea water. A shows 
how the rate of loss of radioactivity varied in successive samples. .B shows the decline of the 
total “Ca content, arrived at by adding the final count for the whole axon (767 counts/min) 
to the counts for the individual samples; the straight line was used to make a rough estimate 
of the initial intracellular radioactivity. Towards the end of the experiment errors from 
statistical fluctuations in the counting rates became appreciable; the vertical lines indicate 
+2x8.z. Axon diameter 5124. Length 51 mm. Temperature 17°C. For calcium entry, 
1 count/min was equiyalent to 3-4 pmole. 


One interpretation of the result illustrated in Fig. 2 is that during the first 
90 min of exposure to inactive sea water the “Ca lost is largely of extra-axonal 
origin, and that the final 0-6 counts/min* represents the rate of emergence of 
labelled calcium from the interior of the axon. The comparison made above 
between the activities of extruded axoplasm and of the residue at the end of 
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the experiment show that after 4 hr the sheath is unlikely to have retained an 
important fraction of the total radioactivity. Extrapolation of the supposed 
intracellular radioactivity to zero time, as in Fig. 2B, gives a figure of about 
940 counts/min, and a corresponding extracellular radioactivity of well over 
1000 counts/min. An entry of 940 counts/min in 117 min for a total membrane 
area of 0-82 cm* corresponds to a resting calcium influx of 0-56 pmole/cm?. sec, 
since 1 count/min was equivalent to 3:4 pmoles of Ca*. This value is rather 
higher than those obtained later with extruded axoplasm (see Table 2), 
probably because the necessity for extreme vigilance in inspecting the axon 
for small injuries had not been fully appreciated at the time when the experi- 
ment was done, and the axon may have had a few slightly damaged branches 
where an abnormally fast inward leakage of calcium was occurring. However, 
its condition was certainly not bad, since at the end of the period in inactive 
sea water it was still giving a 70 mV spike (recorded externally) almost to its 
ends. 
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Fig. 3. The time course of calcium exchange in an isolated squid axon which was first stimulated 
at 156/sec for 20 min in a solution containing 112 mm-Ca* and was then washed in a series 
of samples of inactive sea water. A shows how the efflux of radioactivity (in counte/min*) 
varied, while B shows the decline of the total amount of radioactivity (in counts/min) in the 
axon. Counted on a dish at the end of the experiment, the axon contained 654 counts/min. 
Axon diameter 469. The axon was still excitable at the end of the experiment, though its 
length was only 35 mm. Temperature 19° C. For calcium entry, 1 count/min was equivalent 
to 13-9 pmole. 


The inference that immediately after removal from the radioactive solution 
there was more “Ca outside the membrane than inside was borne out by some 
subsequent experiments in which the sheath was counted as well as the 
extruded axoplasm. Even after a prolonged exposure to “Ca sea water, and 
despite a 10 min rinse in inactive sea water before extrusion, the count per 
mg axoplasm was sometimes less than one-fifth of the count per mg residue. 

Fig. 3 shows the results of another ‘soak-out’ experiment, in which the 
axon was stimulated at a high rate in the radioactive solution instead of being 
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left at rest, and in which the external [Ca*] was ten times higher. It is clear . 


from Fig. 3B that this treatment gave a slowly exchanging fraction which 
formed a larger proportion of the total radioactivity taken up than in Fig. 2B, 
i.e. that the amount of “Ca which had apparently entered the axoplasm was 
appreciably greater in comparison with that which had exchanged with 
external calcium. This conclusion was not checked by separate counts of 
axoplasm and sheath, but agrees with the results for extruded axoplasm (see 
Table 4), which showed that stimulation with raised external calcium greatly 
accelerated the calcium influx. The extrapolated count for intracellular “Ca 
was 730 counts/min, Since the axon had a membrane area of 0-52 cm? and 
had conducted 187,200 impulses, and 1 count/min being equivalent to 
13-9 pmole Ca*, the estimated calcium entry per impulse was about 0-10 pmole/ 
cm*, which fits well with the figures in Table 4 and with an analysis of the 
intracellular calcium content of a squid axon treated similarly (Keynes & 
Lewis, 1956). 

In Fig. 2 the rate constant for loss of radioactivity during the last 2 hr of the 
experiment was about 0-6 x 60/800 =0-045 hr. In Fig. 3 it was 0-025 hr. 
These figures are within the range found for the extrusion of “Ca introduced 
into axons by micro-injection (see Table 6). The intracellular calcium was 
therefore exchanged with a rather long half-period, of the order of 20 hr. 
Although the extracellular calcium was exchanged with substantially greater 
rapidity than this, the half-period of the initial phase in Fig. 2 was not less 
than 15 min. This is about double the figure reported by Soloway, Welsh & 
Solomon (1953) for the first phase of exchange of “Ca in crayfish nerve, and is 
long enough to make it difficult to derive accurate values for the calcium 
influx from measurements on intact axons, particularly at low external 
calcium concentrations. After repeating the experiment of Fig. 2 once, with 
results which were very similar except that the slowly exchanging fraction was 
somewhat smaller (700 counts/min gained in 123 min) and the faster fraction 
larger (ca. 2000 counts/min), influxes were therefore measured by counting 
extruded axoplasm. 


The calcium influx into squid axons 

Those who work with squid axons are apt to become familiar with the 
brownish patches which appear in the axoplasm close to the bases of branches 
which have inadvertently been damaged, or which have been cut off too short 
in the course of dissection. In the giant axons of Sepia, too, similar patches 
are often observed at places where the fibre has been pinched, and their 
occurrence is usually accompanied by a partial or total loss of excitability 
over the affected region. There is reason for thinking that these patches are 
probably caused by an unduly fast penetration of calcium at the injured point. 
Thus they are generally associated with a greater liquidity of the axoplasm, 
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which might well result from a calcium entry (Hodgkin & Katz, 19494), while 
Hodgkin & Keynes (1956) noticed that injection of calcium into squid axons 
brought about a definite increase in the opacity of the axoplasm as well as the 
liquefaction observed by Chambers & Kao (1952). 

In order to make a direct test of the causal connexion between an entry of calcium and discolora- 
tion of the axoplasm, some cleaned squid axons were deliberately maltreated both in normal sea 
water and in an artificial sea water containing no calcium. With calcium present, when branches 
were torn off altogether so as to leave a visible hole, axoplasm flowed out, and although browning 
developed in the vicinity, the whole axon tended to collapse. Typical brown patches could best be 
produced by nipping branches at their bases with fine forceps: opacity was first visible after about 
10 min, and the characteristic appearance was fully developed in 30 min. Similar treatment in 
a calcium-free medium never gave rise to any opaque patches, even after 24 hr. Taken with the 
earlier evidence, this suggested that the appearance of a brown patch on a squid axon almost 
certainly indicated an abnormally rapid entry of calcium in its immediate locality, so that axoplasm 
extruded from this part of the axon was unlikely to give a reliable figure for the calcium influx. 
The calcium-free solution contained the usual 55 mm magnesium, so that the effect on the axo- 
plasm is evidently specific for calcium; this agrees with the findings of Hodgkin & Katz (1949<). 

The importance of rejecting blemished axons was emphasized by the results 
of some of the first extrusions when, for lack of better material, axoplasm from 
some imperfectly dissected specimens was examined. One axon, which was 
inexcitable and whose axoplasm was recorded as being liquid and brownish, 
contained 3480 pmole Ca*/mg axoplasm after 132 min in sea water containing 
10-7 mm-Ca*, corresponding to a calcium influx of 6-6 pmole/cm*.sec. Calcium 
was thus entering very much faster than into any of the axons in good condi- 
tion exposed to this medium, for which figures are given in Table 2. All other 
axons which were rejected as being visibly defective were found to give 
influxes intermediate between this exceptionally large value and the highest 

of the results for resting axons listed in Table 2. Perhaps the clearest instance 
of the effect of damage was provided by an axon which was extruded in two 
parts because there were two small brown patches towards one end. The ‘bad’ 
end contained nearly three times as much labelled calcium as the ‘good’ one. 
In view of these observations, particular care was taken to inspect all axons 
thoroughly before extruding the axoplasm, and the extrusion procedure was 
designed so that the axoplasm came only from the centre of the axon, about 
15 mm at either end being left unextruded. 

The results of measuring the calcium influx in uncleaned resting squid axons 
with an external calcium concentration of 10-7 mm (together with 55 mm-Mg, 
solution (1), Table 1) are given in Table 2. Before these experiments were 
done, a number of observations were made with cleaned axons, but it was 
finally thought best to exclude all the results for cleaned axons from Table 2, 
because their reliability seemed somewhat doubtful. The resting calcium 
influx into four apparently undamaged cleaned axons ranged from 0-048 to 
0-36 pmole/em*?.sec, and the mean (0-16 + 0-07 pmole/cm*.sec) did not differ 
significantly from that in Table 2(a); but one or two of the large values were 
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probably spuriously high because of undetected injuries in the part of the 
axon from which axoplasm was extruded. The danger of accidentally damaging 
the axon could be appreciably lessened by omitting the cleaning process, and 
most of the work was therefore done with uncleaned axons. The main group of 
figures in Table 2 is for axons which were soaked in the radioactive solution as 
intact nerve trunks, and which had not been stimulated more than was 
necessary in order to test their excitability. They gave an average calcium 
influx of 0-076 pmole/cm*.sec. The two values in group (b) were obtained with 
axons which had been subjected to prolonged stimulation (one rather more 
than the other) in inactive sea water before exposure to “Ca. They were within 
the range for unstimulated axons, which serves to show that the effects of 
stimulation on the calcium influx discussed below did not consist simply in an 
irreversibly increased leakiness. _ 
Taste 2. The calcium influx into resting squid axons at room temperature (17-19° C) 
from a solution containing 10-7 mm-Ca* and 55 mm-Mg 
Amount of labelled 


Axon diam. TimeinCa* calciuminaxoplasm Calcium influx 
(#) (min) (pmole/mg) (pmole/cm*. sec) 
(a) Uncleaned axons, unstimulated 
531 78 18-4 0-055 
593 108 60-6 0-146 
535 60 23-4 0-091 
720 84-5 13-4 0-050 
500 517 95-4 0-040 
Mean ands.x. — 0-076 + 0-019 
(6) Uncleaned axons, previously stimulated 20 and 33 min at 50/sec 
524 57 23-4 0-004 
425 61 43-4 0-132 


A striking feature of the experiments listed in Table 2 is the smallness of the 
quantity of calcium exchanged. Even in an axon which was left during the 
night (8-6 hr) in the radioactive solution, the Ca* content of the axoplasm was 
only 95 pmole/mg, that is to say just under 0-1 m-mole/kg of labelled calcium 
had entered the axon. These results are therefore wholly at variance with those 
of Rothenberg (1950), who reported Ca* concentrations up to 10 m-mole/kg in 
axoplasm extruded from Loligo pealii axons after soaking for 50 min in “Ca 
sea water. The discrepancy suggests that the axons studied by Rothenberg 
may have been in poor physiological condition. The total calcium content of 
axoplasm from freshly dissected squid axons is under 0-5 m-mole/kg (Keynes & 
Lewis, 1956), and figures so much higher for labelled calcium can only mean 
that a rapid net inward movement of calcium was taking place. This suggestion 
is supported by Rothenberg’s values for the sodium contents of another series 
of axons, which were very much higher than the analyses of Steinbach & 
Spiegelman (1943) and Keynes & Lewis (1951), sodium being another ion which 
would be expected to leak into a damaged fibre. 
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Table 3 gives figures for the calcium influx into squid axons which were 
stimulated at 50 or 156 impulses/sec while exposed to a solution containing 
10:7 mm-Ca* and 55 mm-Mg. In every case a substantial increase in the 
influx was observed, the average extra entry of calcium into the uncleaned 
axons amounting to 09-0062 pmole/cm*.impulse; this corresponds to the 
passage of 38 calcium ions across 1 w* of surface membrane during each 
impulse. Preliminary experiments with cleaned axons gave extra entries 
between 0-0040 and 0-043 pmole/cm?.impulse, the mean for six axons being 
0-016 + 0-006 pmole/cm*. impulse, but again several of the axons gave influxes 
so high as to raise suspicion that some damage to them had passed unnoticed, 
and it appeared safest to reject all these results from the table. However, the 
somewhat higher average entry found in cleaned axons did suggest that the 
small fibres surrounding the large one might hinder the influx of calcium into 
an uncleaned axon, and two experiments were undertaken at a later stage in the 
work to test this point. The two values in group (b) were for axons from the 


TaBLE 3. The entry of calcium into stimulated squid axons from a solution 
containing 10-7 mm-Ca* and 55 mu-Mg 
Extra entry 
Axon Time AmountofCa* Total calcium Rate of of calcium 
diam. in Ca* in axoplasm influx stimulation per impulse 
(») (min) (pmole/mg)  (pmole/em*.sec) (impulses/sec) (pmole/cem*) 
(a) Uncleaned axons 


585 42 81-6 0-50 50 0-0085 
516 30 54-3 0-41 50 0-0067 
409 40 116-2 0-52 50 0-0089 
612 21°5 32-7 0-41t 156 0-0023 
501 20-8 100-0 1-06 156 0-0065 
628 20-8 74-0 0-74 156 0-0044 
Mean and _- 0-0062 + 0-0010 
(b) Cleaned axons 
460 20-6 102 1-00 156 00061 
465 20-8 95-0 0-93 156 0-0057 


In order to calculate the extra entry of calcium, the resting influx was taken as 0-076 pmole / 
em*.sec (from Table 2), except for the case marked +, where a paired axon from the same squid 
gave 0-050 pmole/cm?.sec. In some cases allowance has been made for the fact that the axon was 
not stimulated for quite the whole of the period in Ca*. Temperature 17—-19° C. 


same squid as provided the last. two values in group (a), dissected and cleaned 
with especial care. The stimulated influxes into the cleaned and uncleaned 
members of each pair of axons did not differ appreciably, showing that any 
effect of cleaning on the entry of calcium must have been a small one. 
Having established that there was an increased entry of calcium during 
nervous activity, we investigated the effect on it of varying the external 
calcium concentration and the temperature. The results given in Table 4 were 
obtained with pairs of uncleaned axons, soaked for 20 or 30 min in radioactive 
solutions made up according to formulae (2), (3) or (4) in Table 1, one axon 
resting and the other stimulated at 156 or 25/sec. Only one axon at a time 
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could be exposed to “Ca; sometimes the resting influx was measured first, and 
sometimes the stimulated influx. In working out the extra entry of calcrum 
per impulse, the value of the resting influx for the corresponding control axon 
was subtracted from the total influx into the stimulated axon, and allowance 
was made for the amount by which the period in “Ca (usually 20 min 30 sec) 
exceeded the actual duration of stimulation (usually 20 min exactly). A plot 
of the resting calcium influx against calcium concentration (Fig. 4) suggests 
that in the Mg-free solutions the resting influx at first rises with concentration, 


Taswe 4. The effect of stimulation on the calcium influx into pairs of uncleaned squid axons from 
solutions containing various amounts of calcium and no magnesium 


Resting Total calcium Extra entry 
Axon calcium Axon 2 influx during Stimulation of calcium 
diam. influx diam. stimulation per impulse 
(4)  (pmole/em*.sec) (° (4)  (pmole/om*.sec) (impulses/sec) (pmole/cm*) 
(a) In 22 mu-Ca* 
494 0-25 21 532 2-24 156 0-0130 
553 0-43 20-5 574 1-81 156 0-0091 
634 0-44 21-5 602 1-57 156 0-0074 
Mean and s.z. 0371006 — 0-0098 + 0-0017 
(6) In 44 mu-Ca* 
561 0-58 24 534 4-06 156 0-023 
566 0-80 24 561 4-31 156 0-023 
522 0-35 22 514 5-1 156 0-031 
Mean ands.z. 0-58i013 — 0-026 + 0-003 
(c) In 112 mm-Ca* 
515 0-73 22 563 12-0 156 0-074 
577 0-52 22 591 12-9 156 0-083 
567 0-57 22 602 2-81 25 0-093 
Meanands.x. 0614006 22 0-083 + 0-005 
469 0-62 8 476 3-78 25 0-129 
507 0-34 8 490 4-81 25 0-182 
504 0-46 8 504 3-72 25 0-132 
Mean ands.z. 0-4740-08 8 0-148 + 0-017 


but then reaches a limiting value of about 0-6 pmole/cm*.sec. The influx of 
about 0-1 pmole/cm?.sec from artificial sea water containing 10-7 mm-Ca and 
55 mm-Mg (see Table 2) would be consistent with this figure if magnesium 
competes, with approximately the same effectiveness as calcium, in the process 
which limits calcium entry at high concentrations. The extra entry of calcium 
during stimulation behaves somewhat differently, and can be seen from Fig. 4 
to rise roughly in proportion to external concentration over the range between 
22 and 112 mm-Ca ([Mg]=0). The value from Table 3 for the extra entry from 
10-7 mm-Ca and 55 mm-Mg is also plotted in Fig. 4, and lies on the same 
straight line as the other points. The slope of this line is the constant of 
proportionality relating extra entry to calcium concentration, and a value 
of 6-6 x 10 pmole/cm*. impulse per mm-Ca fits the data reasonably well. 
Since the entry of calcium into resting axons appears to reach saturation 
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level at high external [Ca], whereas the entry into stimulated axons does not, 
the effect of stimulation was most striking for 112 mm-Ca, which was the 
highest concentration used. Here the total influx at 156 impulses/sec was 
about 20 times greater than in a resting axon. One experiment at a lower rate 
of stimulation (25/sec) showed, as might be expected, a smaller rise in total 
influx, but gave about the same value for the extra entry per impulse. 
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Fig. 4. Average values for calcium influxes into uncleaned squid axons, taken from Tables 2-4, 
plotted against external calcium concentration. A, resting influx, B, extra influa during 
stimulation. Vertical bars indicate +2xs.8. of mean influx. For the solution containing 
10-7 mm-Ca, © , 55 mm-Mg was also present ; the other solutions, @, contained no magnesium. 


The observations just described were made at a room temperature of about 
22° C. Three experiments at a lower temperature (8° C) showed that the effect 
of cooling was to decrease the resting influx slightly, but nearly to double the 
extra entry per impulse. The increase in the extra entry is a change in the 
same direction as that undergone by the duration of the spike (Hodgkin & 
Katz, 1949¢), though it is somewhat smaller. It is to be expected (see Hodgkin 
& Huxley, 1952) that the amounts of sodium and potassium transferred 
through the membrane during the spike will also increase at low temperatures, 
and in the case of potassium an increase has been demonstrated experimentally 
by Shanes (1954). 

Finally, the effect of depolarizing the membrane by raising the external 
potassium concentration was investigated. The values in Table 5 show that 
the resting caleium influx from a solution containing 112 mm-Ca* and 52 or 
208 mm-K was appreciably greater than the average of 0-61 pmole/cm?.sec 
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obtained for the same calcium concentration with only 10-4 mm-K (see 
Table 4). Nevertheless, the sustained depolarization brought about by 
208 ma-K raised the influx much less than stimulation at 156 impulses/sec, 
as may be seen by comparing the high-K values in Table 5 with those for 
paired axons stimulated in 112 mM-Ca, or with those for stimulated axons in 
Table 4. 


Tasix 5. The effect on the calcium influx of raising the external potassium 
concentration; the solutions contained 112 mm-Ca* 


Total influx into 
paired axon stim 
Potassiura Resting calcium at 156/sec in 
Axon diam. Temp. concentration influx 10 mu-K 
(°C) (mm) (pmole/em*.sec) (pmole/om*.sec) 
515 20 52 2-74 _ 
480 20 208 1-58 — 
413 20 208 4-83 17-9 
462 19 208 2-28 12-5 
Mean and s.z. 208 29410 


The calcium efflux 

It was clear from the experiment illustrated in Fig. 2 that it would be 
difficult to make reliable measurements of the calcium efflux after labelling the 
internal calcium by soaking axons in a radioactive solution, because it would 
be necessary to wash the axons for an excessively lengthy period in inactive 
sea water before the loss of Ca could safely be assumed to represent a pure 
efflux from within the cell, unmixed with an exchange of extra-axonal calcium. 
However, the calcium efflux could be determined without interference from 
extracellular calcium by introducing the “Ca directly into the interior of the 
axon by means of the microsyringe described by Hodgkin & Keynes (1956). 
The range of experiments that could be performed was somewhat restricted, 
since large amounts of calcium could not be injected for fear of damaging the 
axon, while the injection of quantities of labelled calcium much smaller than 
the original calcium content of the axoplasm was not feasible because the 
counting rates would not have been adequate. 

The units in which the effluxes were measured were counts/min*. Knowing 
the area of membrane around the injected region (0-25-0-46 cm?*), and the 
specific activity of the radioactive solution (after correcting for decay, 1 count; 
min was equivalent in every case to 1-4 pmoles Ca, since the activities of the 
“Ca samples happened to be the same in 1954 and 1955), the effluxes of 
labelled calcium could be expressed in pmole/cm?*.sec. The values. obtained in 
five experiments are plotted in Fig. 5, and further details for these and four 
other experiments are given in Table 6. The absolute size of the calcium efflux 
was, in all probability, somewhat larger than the efflux of Ca*, owing to 
dilution of the injected calcium by the unlabelled calcium originally present in 
the axoplasm. On the assumptions that the labelled and unlabelled calcium 
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became uniformly mixed within a few minutes of the injection, and that the 
initial calcium content was 0-42 mm (from the analyses of Keynes & Lewis, 
1956), the possible extent of the dilution could be worked out. As may be 
seen from column 6 of Table 6, the mean Ca* concentrations in the axoplasm 
ranged from 0-15 to 0-87 mm, giving dilution factors between (0-15 +0-42)/ 
0-15=3-8 (Expt. 4) and (087 +0-42)/0-87=1-5 (Expt. 2). Multiplication of 
the effluxes of labelled calcium by these factors gave absolute effluxes ranging 
from 0-075 to 0-50 pmole/cm? 
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Fig. 5. The efflux of labelled calcium introduced into cleaned squid axons by micro-injection. 
Experimental details are given in Table 6, the symbols being as follows: x, Expt. 1; ©, 
Expt. 3; @, Expt. 6; ©, Expt. 7; A, Expt. 8. S, axon stimulated at 50 impulses/sec. 
F, axon in calcium-free sea water. D, axon treated with 0-2 mm-DNP. ) 


Tas_z 6, Effiuxes of labelled calcium from injected squid axons 


Volume tely labelled loss of “Ca 
Axon injected [Ca*) after calcium  - A 

Expt. diam. injected (10-*ml./ injected injection (pmole/ Initial Final 
no () mm) mm (mM) mM)  cm?.sec) (br-*) (hr-*) 
I 585 15 8-5 18-8 0-60 0-221 0-125 0-027 
2 524 20 9-9 18-8 0-87 0-336 0111 0-044 
3 528 15 9-9 188 0-85 0-264 0-087 0-043 
4 546 17 9-9 3-6 0-15 0-083 0-139 0-092 
5 612 20 9-75 10-4 0-34 0-034 0-027 0-019 
6 610 17 9-75 10-4 0-35 0-042 0-030 0-015 
7 637 17 9-75 10-4 0-32 0-111 0-080 0-048 
8 620 17 9-75 10-4 0-34 0-076 0-058 0-011 
9 735 20 9-75 10-4 0-24 0-063 0-058 0-050 


The injected solutions contained about 0-57 M-KCl as well as the concentrations of Ca* shown 
in column § of the table. The duration of the experiments was about 100 min (Expts. 2 and 9), 
150 min (1, 4.and 5), 220 min (3 and 6), and 350 min (7 and 8). Temperature 18-20° C. The external 
medium was artificial sea water containing 10-7 mm-Ca and 55 mm-Mg (formula (1) in Table 1), 
except for Expt. 5 when it had 44 mm-Ca (formula (3) in Table 1). All the axons were cleaned 
from adherent small fibres before introducing the labelled calcium into them. 
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It will be observed in Fig. 5 that on every occasion the efflux of Ca* declined 
with time. Since the Ca* content of the axoplasm was fallmg throughout the 
experiment, some reduction in Ca* efflux was to be expected. But the total 
loss of Ca* was never greater than one-third (in Expt. 7 altogether 32 %, of the 
injected Ca* emerged from the axon, leaving 68 °%, inside it), and in most cases 
about 85 °%, of the injected Ca* still remained in the axon at the end of the last 
collecting period. The drop in efflux was therefore appreciably greater than 
could be accounted for by disappearance of the internalCa*. The magnitude 
of the effect can be seen most clearly by comparing the figures in the last two 
columns of Table 6, which show the initial and final rate constants for loss of 
Ca*. These were obtained by dividing the efflux (in counts/min*) by the total 
internal radioactivity (in counts/min), so that they give an idea of the extra 
amount by which the efflux fell in addition to the reduction from loss of Ca*. 
In some experiments the decline was not very great—in Expt. 7, for example, 
the rate constant was still at 60% of its initial value after about 6 hr—but in 
others the final value was only 20% of the initial one. 


Several reasons for the decline can be suggested. One possibility is that the efficacy of the 
mechanism responsible for the outward transport of calcium through the membrane falls off in 
the same sort of fashion in dissected squid axons as does that of the sodium pump (Hodgkin & 
Keynes, 1956). Another is that the labelled calcium is gradually diluted by progressive mixing 
with bound calcium in the axoplasm, resulting in a gradual reduction of the specific activity of the 
calcium available for extrusion from the axon. However, an effect of this kind could not explain 
the whole of the changes in the rate constants, since it may be seen from Table 6 that in some 
experiments the rate constant changed by more than twice the dilution factor for complete 
mixing (e.g. in Expts. 1 and 8, dilution factors of 1-7 and 2-2 could hardly account for reduction in 
rate constants by factors of 4-6 and 5-3). Moreover, this explanation would predict the greatest 
effect in the experiment when least Ca* was injected, which does not seem to fit the relatively small 
change in rate constant found in Expt. 4. A possibility considered (and rejected) in the case of 
sodium (Hodgkin & Keynes, 1956) was that the efflux was saturated, and that the influx of 
unlabelled ions greatly exceeded the efflux, so that the internal specific activity fell faster than 
would otherwise be expected; but this also seems inapplicable for calcium, since it would require 
the influxes in the experiments of Table 6 to have been substantially greater than the values given 
in Table 2 for comparable conditions. An interesting way of explaining the fall in rate constant 
would be as follows: suppose that the efflux is proportional to the internal concentration of ionized 
calcium, and that there are calcium-binding substances in the axoplasm with a high affinity for Ca. 
The relationship between efflux and total internal calcium would then be non-linear, the efflux 
changing rather slowly at low intracellular concentrations, but rising much more steeply when 
there was sufficient calcium in the axoplasm to saturate the calcium-binders. If the normal calcium 
content of the axoplasm were roughly at the inflexion of the efflux-(Ca] curve, the efflux would 
start off at a high level after injecting extra calcium, but would decline rapidly as the total 
calcium inside the axon dropped back towards its original value. This suggestion seems a plausible 
one, and may account for some part of the observed changes in rate constant, but it does not 
appear to be entirely consistent with the experimental results. Thus it would lead one to expect 
the smallest change in rate constant when the least quantity of Ca* was injected, and although 
the figures in Table 6 show some tendency in this direction, the trend is not at all definite. A test 
of the hypothesis is to examine the relationship between total calcium efflux (calculated as 
described on p. 267) and total intracellular calcium concentration, but unfortunately the scatter 
of the values which can be derived from Table 6 is too great for a decisive conclusion to be reached , 
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and the points would fit no better on to a curve of the suggested type than on to a straight line 
drawn to pass through the origin. Although it would not be difficult to devise experiments that 
would help to discriminate between these various possibilities, we did not have an opportunity of 
doing so, and hence can only conclude tentatively that any or all of them may contribute in some 
degree to the decline in efflux. 


In a steady state the influx and efflux of calcium should be equal, and it is 
therefore interesting to see whether the estimates of efflux are reasonably 
consistent with those of influx. If the efflux from a freshly dissected axon 
600 » in diameter containing 0-4 mm-Ca were equal to the influx from a solu- 
tion with 10-7 mm-Ca and 55 mm-Mg, which was (from Table 2) 0-08 pmole/ 
cm?.sec, the rate constant for exchange of internal calcium would be 0-048 hr-. 
This figure lies in the middle of the range of values given in Table 6, and is 
close to that caleulated for Fig. 2, whence it may be concluded that the 
influxes and effluxes are in tolerable agreement. 


Efflux of Ca” (pmole/cm?. sec) 
222 33 


Minutes after injection 


Fig. 6. The efflux of labelled calcium from a cleaned squid axon. Collection of the first sample 
was begun 5 min after injecting the isotope solution. For further experimental details see 


Expt. 9, Table 6. The vertical 


bars show +2 x 8.x. of the counts. 


In most of the experiments some 15 min elapsed between injecting the “Ca 
and starting the first collecting period, and the results gave no useful informa- 
tion about the. rate of diffusion of the labelled calcium from the centre of the 
axon to the surface. On one occasion, however, the collection was begun 
within 5 min of completing the injection, and it was then found that the first 
sample contained significantly less “Ca than the subsequent ones. The counts 
shown in Fig. 6 suggest that the mean efflux of “Ca (y) during the period 
5-15 min after the injection was roughly 70% of the steady-state value (y,,.). 
This observation can be used to derive a value for the effective diffusion 
constant (D) of calcium in the axoplasm, by applying the argument used for 
the radial diffusion of sodium in an earlier paper on micro-injection (Hodgkin & 
Keynes, 1956). For y/y., =0-7, the value of Dt/a* given by equation (14) in 
that paper is 0-14 (for sodium, the curve was summated before being applied 
to the results, but in the present case it is more appropriate to use the equation 
unmodified, since the collection of “Ca did not include the first 5 min after the 
injection). The radius of the axon (a) was 368, and the mid time (t) was 
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600 sec, so that D was about 0-3 x 10~* cm*/sec. The uncertainty in this calcu- 
lation arising from the appreciable standard errors of the counts and other 
sources is of the order of + 0-1 x 10-* cm?/sec, so that although Dis undoubtedly 
much less than the self-diffusion coefficient of calcium ions in free solution 
(about 6 x 10-* cm®*/sec, see p. 275), it is probably not significantly different 
from the values estimated for the longitudinal diffusion of calcium in the 
axoplasm (see Table 7). 

In view of the marked effect of stimulation on the calcium influx, it was 
important to see whether there was a similar rise in the efflux, i.e. to decide 
whether there was a virtually unidirectional movement of calcium through the 
membrane during nervous activity, or whether there was an accelerated turn- 
over in both directions. During the whole of one collecting period in each of 
three experiments (points marked S in Fig. 5) the axon was therefore stimu- 
lated at 50 impulses/sec. In no case did stimulation cause a noticeable change 
in efflux. This observation indicates that the extra calcium movement during 
activity is almost wholly inward. It is confirmed by the agreement already 
mentioned between the entry of labelled calcium into stimulated squid axons 
and the net gain of calcium under similar circumstances (Keynes & Lewis, 
1956). 

Two other variables were investigated in the course of the efflux measure- 
ments. During one collecting period (point marked F in Fig. 5) the axon was 
exposed to an artificial sea water from which all the calcium was omitted 
(leaving, however, 55 mm-Mg). This treatment did not obviously alter the 
calcium efflux. During two other experiments, the axons were treated with 
0-2 mm-DNP for 90 and 120 min respectively (points marked D. in Fig. 5). 
Again there was no clear alteration in efflux, or at least none that was com- 
parable with the effect of metabolic inhibitors on the sodium efflux (Hodgkin & 
Keynes, 1955). A reservation must, however, be made about this observation. 
It has recently been found (P. C. Caldwell & R. D. Keynes, unpublished) that 
the action of DNP on squid axons is very sensitive to external pH, so that 
although the effect described previously is readily obtained at pH 7 or below, 
0-2 mm-DNP reduces the sodium efflux very little at pH’s much above 8. 
Checks with a glass electrode assembly and pH meter made some time after 
completing the experimental work gave a pH of 6-8—6-9 for solutions made up 
according to the formulae in Table 1, but the pH was not measured accurately 
at the time when the experiments were being done. Although it appears likely 
that the DNP solutions used in the “Ca experiments were sufficiently acid to 


be effective in blocking metabolism, it is impossible to be absolutely certain 
that they were. 


The mobility of calcium in the axoplasm 
: The extent to which radioactive calcium was free to move longitudinally 
in the axoplasm was investigated by labelling a short patch and observing the 
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Fig. 7. The distribution of radioactivity in an axon which was mounted on its glass slide and left 
to dry at room temperature 14 min after injecting a column of radioactive calcium 1-82 mm 
in length (Expt, 8, Table 7). The nominal position of the injected column is indicated by the 
horizontal bar. The vertical lines show +2 x8.". of the counts. The curve was drawn by 
taking h =0-091, 2./Dt =0-083 cm in equation (1), and correcting for the window characteristic. 


Br 


Distance (mm) 

Fig. 8. The distribution of radioactivity in an axon which was mounted on its glass slide and 
dried under a lamp 478 min after injecting a column of “CaCl, (Expt. 4, Table 7). The 
cannulated end of the axon was to the left of the injected patch, both here and in Figs. 7 
and 9. The vertical lines show +2 8.8. of the counts. The curve was drawn by taking 
h=0-092, 2./Dt=0-22 om in equation (1), and correcting for the window characteristic. Its 
latéral position was chosen to fit the counts, not the nominal centre of the injected patch, 
shown as a thick horizontal bar. 
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subsequent movements of the “Ca, A 1-8-3-6mm column of a solution 
containing 10-4 mm-Ca*Cl, and 560 mm-KC! was injected into the axon, which 
was then mounted on forceps and transferred to a dish of sea water or paraffin 
oil, in which a longitudinal voltage gradient could be applied. After diffusion 
of calcium within the axon had been allowed to continue for periods up to 
12 hr, either with or without applied current, the axon was mounted on a 
glass slide and dried. The procedure for locating the injected region and for 
measuring the final distribution of “Ca is described under ‘Methods’. Fig. 7 
shows the counts taken in an experiment where the axon was dried as soon 
as possible (14 min) after injecting the isotope solution, in order to test the 
sharpness of the initial distribution. The position at which the counting rate 
was greatest agreed satisfactorily with the nominal centre of the injected 
patch, indicated on the figure as a thick bar, and the total width of the distri- 
bution curve at half the height of its peak was very little greater than the 
over-all length of the injected patch. This demonstrates that the injection 
technique gave a labelled region which was initially well defined, and provides 
some evidence that its nominal centre could be localized with reasonable 
accuracy. 

When the axon was left without current for some time after injecting the 
“Ca and before drying it, the patch of radioactivity became appreciably wider 
relative to the length of the injected region. Fig. 8 shows the measured distri- 
bution of radioactivity in such an axon left for 8 hr before drying, and it will 
be seen that the patch was broader than in Fig. 7 and had become slightly 


asymmetrical. The position of maximum radioactivity again coincided fairly | 


well with the nominal centre. Fig. 9 is a similar curve for an experiment in 
which a voltage gradient of 0-51 V/cm was applied to the axon for 110 min, 
in order to see how fast the labelled calcium would move in an electric field. 
If the “Ca had had the same mobility in the axoplasm as in free solution 
(about 4x 10-*cm/sec per V/cm, see p. 275), this procedure would have 
shifted the radioactive patch about 13 mm towards the cathode. The actual 
movement was estimated as only 0-31 mm towards the cathode, while in two 
further experiments of the same sort the movements were in the other direc- 
tion, being 0-20 and 0-13 mm towards the anode (Table 7). It is doubtful if 
any of these small displacements can be attributed to the influence of the 
electric field, since it will be seen from Table 7 that not only were they all 
towards the cannulated end of the axon, suggesting that there was a systematic 
trend in this direction superimposed on any action of the field, but also that 
shifts of roughly equal size were recordéd in all but one of the experiments in 
which no volts were applied. The upshot is that any movement of calcium in 
the axoplasm that did result from the voltage gradient was too small to be 
measured satisfactorily by this technique. In similar experiments on frog 
muscle, Harris (1957) also found that intracellular “Ca did not move 
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Fig. 9. The distribution of radioactivity in an axon which was mounted on its glass slide and left 
to dry at room temperature 159 min after injecting a column of “CaCl, (Expt. 6, Table 7). 
Electric current flowed along the axon for 110 min, the voltage gradient in the injected 
region being 0-51 V/cm. The vertical lines show +2.x~s.2. of the counts. The curve was 
drawn by taking h=0-116, 2 ./Dt =0-262 cm in equation (1), and correcting for the window 
characteristic. The nominal position of the injected patch is shown as a thick horizontal bar. 


TaBLe 7, Longitudinal movements of labelled calcinm in squid axons 


(=D) 
(=2h) Measured Duration Movement Calculated 
width of of towards diffusion 
Axon of patch radioactive Total Voltage current cannulated constant 
Expt. diam patch duration gradient flow end (10-* cm?*/ 
no. (gs) (mm) (mm (min) (V/em) (min) (mm sec 
I 630 3-6 5-4 135 0-4 65 0-20 2:3 
2 672 3-5 6-7 761 -— _— 0-62 0-8 
735 3-0 3-6 19 0-38 4-6 
4 620 1-8 4-1 478 0-18 0-4 
5 602 2-2 3-5 160 0-43 100 0-13 0-8 
6 620 2:3 4:5 159 0-51 110 0-31 1-8 
7 766 2-6 3-1 18-5 _ _ 0-05 3-2 
8 672 1-8 20 0-04 2-0 


The final widths of the radioactive patches given in column 4 were measured at half the peak, 
and the values for D were chosen to make the widths of the curves calculated from equation (1) 
equal to these after allowing for the window characteristic. The mean position of each distribution 
curve relative to the nominal centre of the injected patch was worked out by averaging the figures 
for the mid points at 75, 50 and 25% of the peak height, and the rather consistent shift towards 
the cannulated end resulted from the asymmetry of most of the curves. The cannulated end was 
anodal for Expts. 1 and 5, and cathodal for Expt. 6. Temperature 18-20° C. Except in Expt. 2, 
where there was only a local response, all axons gave a spike over the central 20 mm immediately 
before being mounted on their slides for drying. The labelled solution injected into the axons 
contained 10-4 mm-Ca*, so that the average concentration of Ca* in the axoplasm shortly after 
the injection was about 0-3 mm. 
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perceptibly in an electric field. The experiment of Fig. 9 will, however, serve 
to set an upper limit to the effective mobility of calcium in the axoplasm. The 
movement of 0-31 mm in 110 min with a gradient of 0-51 V/em corresponds 
to a mobility of 0-9 x 10-5 cm/sec per V/cm, but the true value of the mobility 
may have been considerably less. 


The diffusion coefficient of calcium in the axoplasm 

The broadening of the patch of radioactivity noted in Fig. 8 should provide 
a basis for calculating the effective diffusion coefficient of calcium in the 
axoplasm. Such calculations are, however, subject to several sources of un- 
uncertainty. Thus: (1) There may be movements of the “Ca while the axon is 
being dried, whose extent may vary with the general condition of the axon or 
with the temperature at which it is dried, (2) Scattering of B-radiation within 
the dried axon may increase the apparent width of the patch (the window 
correction described below compensates partially for scattering effects, but 
there was probably more scattering for the axons than for the speck of “CaCl, 
used to obtain Fig. 1). (3) There may sometimes have been some stirring at 
the edge of the injected patch during the withdrawal of the microsyringe. 
(4) As may be seen in Fig. 8 the patch tended to become slightly asymmetrical, 
with the radioactivity more spread out towards the cannulated end of the 
fibre. Apparently the “Ca was able to move faster through axoplasm which 
had been disturbed by the passage of the shaft of the microsyringe than 
through undisturbed axoplasm. In spite of these uncertainties, it seemed 
worth while to estimate diffusion constants from the measured distribution 
curves of radioactivity. The equation governing linear diffusion from an 
initial rectangular distribution is (see, for example, Crank (1956)) 


h+az h—z 

where C is the concentration of the diffusing substance at time ¢ and distance z, 
D is its diffusion coefficient, and the initial distribution at t=0 is C=C, for 
—h<z2z<h and C=0 elsewhere. This equation could not be fitted directly to 
the results, since allowance had to be made for the characteristics of the 
window used in counting the axons (see Fig. 1). Its cut-off was fairly sharp, 
but calculation shows that it must, nevertheless, have made the measured 
distribution curves somewhat broader than the true ones. The smooth curves 
drawn in Figs. 7-9 were therefore obtained by substituting appropriate values 
for h and 2./Dt in equation (1), working out C/O, at 0-4 mm intervals of 
z with the help of a table of error functions, multiplying by the window 
characteristic displaced at 0-4 mm intervals, and scaling the resulting curve 
to fit the experimental curve at its peak. The values of h and ¢ were known for 
each experiment, and those for D were chosen by trial and error to make the 
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widths of the calculated and observed distributions the same at half their 
peaks. The lateral positions of the curves were decided by making them fit the 
counts at half the peak. 

This procedure may be seen in Figs. 7-9 to give a reasonable though by 
no means perfect fit to the data, the chief discrepancy being a tendency for the 
theoretical curves to be too narrow at the base when they were made to fit half- 
way up. Table 7 gives the values of D obtained in these and five other experi- 
ments. Since all the sources of error were likely to broaden the curves and 
none to sharpen them, most weight may be attached to the lower values of D. 
Thus the larger diffusion constants calculated for the experiments of less than 
20 min duration may have arisen from spreading of the radioactive patch 
during drying or from mixing during the process of injection. Excluding these 
results, the average value of D was 1-2 x 10-* cm*/sec; for the two longest 
experiments, which probably give the most reliable information, it was 
0-6 x 10-* cm?/sec. 


DISCUSSION 
The state of calcium in the axoplasm 


A comparison of the values obtained for the diffusion coefficient and mobility 
of calcium inside the axon with those for calcium ions in free solution gives 
useful information about the state of calcium in the axoplasm. it is first of all 
necessary to decide what values would apply if all the calcium were freely 
ionized. The limiting values for the mobility and self-diffusion coefficient at 
infinite dilution are given by 


cm/sec per V/cm (2) 
and u cm?*/sec (3) 


(see Robinson & Stokes, 1955), where A° is the limiting equivalent conductivity, 
z is the valency, and R, T and F have their usual meaning. At 18° C, Robinson 
& Stokes give the limiting equivalent conductivity of Ca** as 50-7 mho.cm?*/g 
equiv, while R7/F =25 mV and F =96,500 coulombs/g equiv. Making a small 
allowance for the presence in the axoplasm of an appreciable concentration of 
K+, Cl- and other ions, equations (2) and (3) lead to an expected free solution 
mobility of about 4 x 10-* cm/sec per V/cm, and to a self-diffusion coefficient 
of about 6 x 10-* cm*/sec. 

It is immediately obvious that the experimental values for wu and D in the 
axoplasm are much less than the free solution values. The mobility was so 
small that it could not be measured precisely, but even the estimated upper 
limit of 0-9x 10-5 cm/sec per V/cm is only about 1/45 of the free solution 
value. This suggests that the ratio of ionized to total calcium cannot be 
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greater than about 0-02; and since the total concentration of calcium is about 
0-4 mm (Keynes & Lewis, 1956), it-follows that the concentration of ionized 
calcium in the axoplasm is probably less than 0-01 ma. There are three possible 
ways of accounting for the apparent failure of the remaining 98%, of the 
calcium, which must be present in the form of a complex, to move in an 
electric field. One would be that the complexing molecules are structurally 
fixed, but this is at least partly ruled out by the fact that the difference 
between the observed and free solution values for D was much less than that 
for u. The calculated values for D were of the same order as those estimated 
for the diffusion of large dye molecules in the axoplasm (Hodgkin & Keynes, 
1956), which suggests that the complexing molecules may all be mobile, and 
may be roughly of the same size as eosin and methylene blue. In this case, 
however, they must either carry a net charge of zero, so that the electric field 
exerts no force on them, or there must be approximately equal numbers of 
molecules with net positive and net negative charges. The latter possibility 
should presumably result in apparently greater values for D during current 
flow, and there was no clear indication that this happened. But unless the 
calcium complexes were multiply charged, one would expect them to have 
rather low mobilities, so that it cannot legitimately be concluded that they 
are necessarily all uncharged. The results of measuring u and D may therefore 
be summarized by saying that the great bulk of the calcium in the axoplasm 
is in the form of a complex, leaving under 0-0] mm of ionized calcium; that 
most of the complexing agents are apparently free to move within the axon; 
and that the net charge on the complexes is preponderantly neither negative 
nor positive. 

At present the nature of the calcium-binding substances in axoplasm is 
unknown. Brink (1954) has given a useful list of the dissociation constants of 
a number of proteins and other organic compounds such as citrate or ATP, 
which form complexes with calcium. One of the lowest dissociation constants 
is that for the Ca-ATP complex, which has K =8-7 x 10-* mole/l., and it is 
interesting to see how far ATP could account for the observed binding of 
calcium. According to Caldwell (1956) the ATP content of squid axoplasm 
is 58-135 ug P/g, which corresponds to a concentration of the order of 1 mm. 
If the concentration of Ca** is less than 0-01 mw it follows that the concentra- 
tion of the Ca-ATP complex must be less than 0-1 mm. In measuring the 
calcium mobility, an extra 0-3 mm-Ca was added to the 0-4 mm initially present 
without apparently saturating the calcium-binding agents, so that it would 
seem that formation of a Ca~ATP complex cannot account for more than 


about a seventh of the total amount of calcium which may be present in 
bound form. 
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Calcium movements through the resting membrane 


It is clear from the measurements of calcium influx that the permeability 
of the resting membrane to calcium ions must be very low. The calcium influx 
from a solution resembling normal sea water in its composition and containing 
10:7 mm-Ca* was about 0-08 pmole/cm?.sec, that is about 0-007 pmole/cm?*. sec 
per mm-Ca outside. This may be compared with a resting sodium influx of 
about 50 pmole/cm*.sec from a similar medium (Hodgkin & Keynes, 1955; 
Shanes & Berman, 1955), corresponding to about 0:1 pmole/om*.sec per 
mM-Na outside. According to Shanes & Berman the potassium influx from 
artificial sea water containing 10 mm-K* is just over 40 pmole/cm?.sec, so 
that- the-flux-per.mm-K outside is of the order of 4. pmole/cm*.sec. On this 
basis the inward transfer constants for K, Na and Ca are in the ratios of 
1:0-025:0-00175. In making this comparison no account has been taken of 
the fact that the inward force exerted by the resting potential on a Ca** ion 
is twice as great as it is for a K+ or Na* ion. If this is allowed for by means 
of the constant field equation (Goldman, 1943; Hodgkin & Katz, 19495), the 
apparent permeability coefficients (defined as the product of the diffusion 
coefficient and partition coefficient in the membrane, divided by the thickness 
of the membrane) are found to be in the ratios Py : Py, : Po, =1:0-025:0-001. 
(In order to make this calculation, the resting potential was taken as 60 mV.) 
In view of the complexity of the membrane, and of the fact that some potassium 
is probably transported inwards by a secretary process, such calculations are 
of limited value. However, although there is no satisfactory way of making 
a quantitative comparison, there seems little doubt about the qualitative 
conclusion that the resting permeability to calcium is less than that to sodium 
and very much less than that to potassium. 

If calcium ions diffuse passively into and out of the nerve, the ratio of the 
amounts of ionized calcium on either side of the membrane at equilibrium 
should be given by the Nernst equation, i.e. 


(Ca®+], =[Ca*+], exp —2VF/RT. (4) 


Here [Ca*+], and [Ca*+], are the concentrations (or, strictly, activities) of 
ionized calcium inside and outside the axon, and V is the potential difference 
across the membrane (inside minus outside). V is about —60 mV, so that 
[Ca®+],/[Ca*+], ought to be over 100 for a system in passive equilibrium with 
respect to calcium. Since the concentration of ionized calcium in axoplasm 
was estimated as 0-01 mM, as against about 11 mm in sea water or squid blood 
(Robertson, 1949), it follows that the system is actually very far from equi- 
librium, and that [Ca*+], is less than 10-* of the value which would be in 
equilibrium with a resting potential of 60 mV. This indicates that the observed 
outward flux of labelled calcium cannot be a simple diffusion, and that calcium 
18 PHYSIO. CXXXVIII 
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ions must either cross the membrane in close association with an anion, or 
must be extruded by some other kind of active transport mechanism (see 
Gilbert & Fenn, 1957). 


. Calcium movements in stimulated axons 

_ Although stimulation at 156 impulses/sec may increase the rate of entry of 
calcium 20-fold, the absolute quantity of calcium which enters the axon during 
activity is very much less than the corresponding figure for sodium. Thus in 
sea water containing 10-7 mm-Ca the entry of calcium is only about 0-006 pmole/ 
cm? .impulse, whereas the net entry of sodium is about 4 pmole/cm*. impulse 
and the extra influx of labelled sodium about 12 pmole/cm*. impulse (Keynes 
& Lewis, 1951; Hodgkin & Keynes, 1955). In the squid axon it therefore 
appears that the movements of calcium are too small to carry more than a 
minute fraction of the total inward membrane current. This conclusion does 
not necessarily hold for other excitable tissues, and it would be interesting to 
make similar measurements with crab muscle, where Fatt & Katz (1953) have 
suggested that an influx of calcium or magnesium may, under some circum- 
stances, be responsible for transporting much of the charge through the 
membrane. The fact that during stimulation of squid axons no extra efflux of 
calcium was observed, fits with the conclusion that the concentration of 
ionized calcium in the axoplasm is exceedingly low. For if [Ca**], is taken as 
0-01 mm and [Ca**+], as 11 mm, then equation (4) implies that the passive 
efflux of calcium ions does not become equal to the influx until the internal 
potential reaches a value of +88 mV relative to the outside. Since in practice 
V does not exceed about +40 mV at the crest of the spike, the passive efflux 
must remain small compared to the influx throughout the spike. . 

The simplest explanation of the calcium entry associated with nervous 
activity is that calcium ions cross the membrane through the channels which 
allow sodium ions to enter the fibre during the rising phase of the spike. It seems 
less likely that calcium entry is associated with the increased potassium 
permeability during the falling phase of the spike, since this hypothesis 
predicts that a sustained depolarization by raising the external potassium 
should give a much greater entry of caleium than the intermittent depolariza- 
tion that occurs during a train of impulses at 156/sec. Taking the average 
calcium influx from a solution containing 112 mm-Ca* and 10-4 mm-K as 
0-6 pmole/cm?.sec (Table 4), Table 5 shows that treatment with 208 mu-K 
increased the influx about 5 times, whereas stimulation at 156/sec increased 
it 20-30 times. The fivefold increase with 208 mm-K is not inconsistent with 
the idea that calcium ions move inwards through the sodium channel, since, 
although during a maintained depolarization of 50 mV the sodium conductance 
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Since there is evidence that external calcium ions stabilize the membrane 
by reducing sodium permeability (Frankenhaeuser & Hodgkin, 1957), it is 
attractive to suppose that the calcium entry during the spike may not be an 
accidental accompaniment of activity, but is somehow connected with the _ 
development of the state of increased sodium permeability. Thus it might be 
imagined that when the fibre is suddenly depolarized, calcium ions are enabled 
to discharge from the membrane into the axoplasm and that this liberates 
carriers which are then able to transport sodium for a limited period. In 
a system of this kind one might expect that the calcium entry would be 
independent of the external calcium concentration when the latter was high 
enough to saturate the carriers in the resting state. However, our experiments 
provide no evidence for the occurrence of such saturation, since the entry of 
calcium per impulse was roughly proportional to calcium concentration outside 
the axon over the range 22-112 mm. 

The finding of a greater uptake of calcium by stimulated nerve may be 
relevant in considering the mode of release of chemical transmitters by nerve 
endings. In addition to its action in dispersing squid axoplasm (Hodgkin & 
Katz, 1949a), calcium has been found to have a disruptive effect on other 
intracellular structures, such as the sarcosomes of heart muscle (Cleland & 
Slater, 1953), and it is interesting to speculate whether a penetration of 
calcium at the nerve ending might not be one of the factors involved in 
breaking up the intracellular vesicles near the membrane (del Castillo & Katz, 
1956) and releasing acetylcholine from them. There is some indication that 
Mg*+ ions do not have the same action as Ca*+ on intracellular structures, so 
that a competition between them to enter the nerve terminals, together with 
a failure of Mg** to disrupt the vesicles, might help to explain the inhibitory 
effect of magnesium. 


SUMMARY | 


1. Cleaned squid axons soaked for 2 hr in “Ca sea water and then washed 
in inactive sea water showed an initial rapid phase (half-period about 15 min) 
of loss of radioactivity, followed by a slow phase (half-period about 20 hr) 
shown to correspond to an exchange of intracellular calcium. 

2. Measurements with extruded axoplasm showed that the resting calcium 
influx from a solution containing 10-7 mm-Ca* and 55 mm-Mg was somewhat 
less than 0-1 pmole/cm?.sec. Stimulation in this medium caused an additional 
calcium entry of the order of 0-006 pmole/cm?. impulse (38 ions/*. impulse). 

3. The resting calcium influx from a magnesium-free solution containing 
22 mm-Ca* was 0-4 pmole/cm?.sec. Stimulation in this medium caused an 
additional calcium entry of 0-01 pmole/cm*. impulse. 

4. Changing the external calcium concentration to 112 mm increased the 
resting influx slightly, and raised the extra calcium entry to 0-08 a+ 88 
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impulse. In this solution, stimulation at 156 impulses/sec thus gave rise to a 
20-fold increase in total calcium influx. 

5. On cooling from room temperature to 8° C, the resting calcium influx 
from 112 mm-Ca* was slightly reduced, but the additional entry during 
stimulation was nearly doubled. 

6. Depolarization of the membrane by raising the external potassium con- 
centration caused a fivefold increase in the calcium influx, but had a much 
smaller effect than stimulation at 156 impulses/sec. 

7. Measurements of the calcium efflux from axons loaded with “Ca by 
micro-injection showed that intracellular radioactivity was lost with a half- 
period of the order of 20 hr. The rate constant for disappearance of labelled 
calcium showed a tendency to decline in the course of the experiments. 

8. No change in calcium efflux could be detected during stimulation at 
50 impulses/sec. The movement during nervous activity thus seemed to be 
wholly inward. 

9. The mobility and diffusion constant of the calcium in the axoplasm were 
determined by measuring the distribution after varying periods in the presence 
and absence of an applied voltage gradient, of short patches of “Ca introduced 
into axons by micro-injection. The patches did not move measurably in an 
electric field, and the mobility of the calcium was estimated to be less than 
1/45 of the free solution value. From the broadening of the radioactive patches 
the diffusion constant was estimated to be about a tenth of the free solution 
value. 

10. It was concluded that almost all the calcium in the axoplasm is in 
bound form, and that the intracellular concentration of ionized calcium may 
be less than 0-01 mm. 


We are indebted to Dr E. Flickiger and Dr P. Horowicz for assistance in counting samples and 
to Mr A. F. Huxley for helpful discussion. Financial support was provided by the Rockefeller and 
Nuffield Foundations. 


REFERENCES 


Brivk, F. (1954). The role of calcium ions in neural processes. Pharmacol. Rev. 6, 243-298. 


CaLpwa1L, P. C. (1956). The effects of certain metabolic inhibitors on the phosphate esters of 
the squid giant axon. J. Physiol. 182, 35-36 P. 

CuamBers, R. & Kao, ©, Y. (1952). state of the nerve 
axon of the squid and of stentor, a protozoon. Exp. Cell Rea. 3, yee 

CLELAND, K. W. & Starmr, E. C. (1953). The sarcosomes of heart muscle. Their isolation, 
structure, and behaviour under various conditions. Quart. J. micr. Sci. 94, 329-346. 

Crank, J. (1956). The Mathematics of Diffusion. Oxford: Clarendon Press. 


DEL CastTiLLo, J. & Karz, B. (1956). Biophysical aspects of neuro-muscular transmission. Progr. 
Biophys. 6, 121-170. oe 


Farr, he, + epadag (1953). The electrical properties of crustacean muscle fibres. J. Physiol. 120, 


Keynes, R. D. (1955). The calcium permeability of Loligo axons. J. Physiol. 


FRAN 
4 
GOLD 
27, 
H 
Hopek 
\ 
Hope« 
J. 
Hopexk 
4 
zi 
HopekK 
HopekK 
KE 
fib 
4 
RoBER 
Rosin 
RoTHE 
m 
SHANE 
SHANE 
J. 
SoLow 
4 J 


CALCIUM MOVEMENTS IN SQUID AXONS 281 


FRANKBNHAEUSER, B, The action of calcium on the electrical properties 
of squid axons. J. Physiol. 137, 218-244. 
Gusset, D. L. & Fern, W. O. fa ton Calcium equilibrium in muscle. J. gen. Physiol. 40, 


Genet a (1943). Potential, impedance, and rectification in membranes. J. gen. Physiol. 

Hargis, E. J. (1957). The output of “Ca from frog muscle. Biochem. biophys. acta, 23, 80-87. 

Hopexmn, A. L. & Huxuey, A. F. (1952). A quantitative description of membrane current and its 
application to conduction and excitation in nerve. J. Physiol. 117, 500-544. 

Hopes, A. L. & Karz, B. a The effect of calcium on the axoplasm of giant nerve fibres. 
J. exp. Biol. 26, 292-294 

Hopexm, A. L. & Katz, B, (19490). 
giant axon of the squid. J. Physiol. 108, 37-77. 

Hoverm, A. L. & Katz, B. (1949c). The effect of temperature on the electrical activity of the 
giant axon of the squid. J. Physiol. 109, 240-249. 


Hovexm, A. L. & Keywes, R. D. (1953). The mobility and diffusion coefiicient of potessium in 
giant axons from Sepia. J. Physiol. 119, 513-528. 


Hopexts, A. L. & Keynes, R. D. (1955). Active transport of cations in giant axons from Sepia 
and Loligo. J. Physiol. 128, 28, 28-60. 

Hopexm, A. L. & Keywas, R. D. (1956). Experiments on the injection of substances into squid 
giant axons by means of a micro syringe. J. Physiol. 131, 592-616. 

Krywes, R. D. (1951). The ionic movements during nervous activity. J. Physiol. 114, 119-150. 


Keynes, R. D, & Lewis, P. R. (1951). The sodium and potassium content of cephalopod nerve 
fibres. J. Physiol. 114, 151-182. 


Keynes, R. D. & Lewis, P. R. (1956). The intracellular calcium contents of some invertebrate 
nerves. J. Physiol. 184, 399-407. 

Roszrtson, J. D, (1949). Ionic regulation in some marine invertebrates, J. exp. Biol. 26, 182-200. 

Rosson, R. A. & Stoxms, R. H. (1955). Hlectrolyte solutions. London: Butterworths. 

Rornenperc, M. A. (1950). Studies on permeability in relation to nerve function. IT. Ionic 
movements across axonal membranes. Biochim. biophys. acta, 4, 96-114. 

Suanes, A. en (1954). Effect of temperature on potassium liberation during nerve activity. 
Amer. J. Physiol. 177, 377-382. 

SHANES, A. M. & Berman, M. D. (1955). Kinetics of ion movement in the squid giant axon. 
J. gen. Physiol. 39, 279-300. 

So.toway, 8., Wausn, J. H. & Soromon, A. K. (1953). Studies on Ca“ transport in crayfish nerve. 
J. cell. comp. Physiol. 42, 471-485. 

Sremnacn, H. B. & Sprecztman, 8. (1943). The sodium and potassium balance in squid nerve 
axoplasm. J. cell. comp. Physiol. 22, 187-196. 


i 
§ 
> 
4 
i 
> 
t 
{ 
4 
. 
i“ 
4 
? 
4 
J 
q 
4 
‘ 


J. Physiol. (1957) 138, 282-299 


A NEW EXPERIMENTAL APPROACH TO THE PROBLEM 
OF THE AIR PATHWAY WITHIN THE AVIAN LUNG 


By P. M. BIGGS anp A. 8. KING 
From the Department of Veterinary Anatomy, University of Bristol 


(Received 30 May 1957) 


The route taken by the air through the lungs and air sacs during normal 
breathing through the trachea has been argued ever since Harvey’s (1651) 
description of the sacs. By the beginning of the nineteenth century the con- 
troversy had become centred round two main theories. One proposed that the 
lung itself, responding passively to. the movements of either the so-called 
‘diaphragm’ or the ribs and sternum and abdominal muscles, was made to 
draw in and expel the air, and that the sacs played no significant role in the 
mechanism of breathing (Muller, 1908; Victorow, 1909); the mechanics of 
these movements of the body wall have been studied by Soum (1896) and 
Zimmer (1935). The second, which may be called the bellows theory, claimed 
that the lung remained immobile during the breathing cycle while the sacs 
moved the air in and out (Baer, 1896). These theories have been tested by 
many different experimental procedures, including observations on pressure 
changes (Victorow, 1909), gas analyses of the sacs (Scharnke, 1938), inhalation 
of soot (Dotterweich, 1930) and of radio-opaque dust (Graham, 1939), cine- 
radiography (Stanislaus & Béhme, 1938), etc. 

The bellows theory has been expressed in several different ways. As first 
expounded by Perrault (1676) the thoracic sacs were supposed to expand 
during inspiration, while the others contracted, and vice versa during expira- 
tion. This ‘antagonistic’ concept was still widely accepted at the end of the 
nineteenth century, but it was finally disproved when Francois-Franck (1906) 
demonstrated that during the breathing cycle virtually identical pressure 
changes occurred synchronously in all the sacs, the trachea, and the lung 
itself. 

A new concept of the bellows theory, postulating essentially a circulation 
of air in the lung, was initiated by Brandes (1924) and developed during the 
next decade mainly by Dotterweich (1930) and Vos (1934). It first depended 
on the hypothesis that a valve (or valves) was present, but eventually 
Scharnke (1938) and others showed that there was none. Then Dotterweich 
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(1936), on the basis of experiments with glass models, suggested that the 
circulation of air could be controlled by uerodynamic factors. Subsequently, 
Hazelhoff (1951, but first published in 1943) designed an improved glass model 
which was more accurate anatomically. From experiments with this he 
elaborated the hypothesis that aerodynamic factors, operating at two key 
points in the primary bronchus, could maintain a continuous circulation of 
air in the lung during both inspiration and expiration; undoubtedly this is the 
most advanced and attractive form of the bellows theory. 

In spite of these modern developments in the bellows theory it has been 
strenuously opposed comparatively recently in some or all of its aspects. After 
separating the lung from the ribs in the living bird Makowski (1938) was still 
convinced that the passive movements of the lung and not of the sacs were the 
main factor in breathing. Zeuthen (1943), from calculations based on gas 
analyses, accepted the bellows action of the sacs but strongly denied a circula- 
tion of air within the lung, proposing instead a simple reciprocal movement. 
Scharnke (1938) attacked the limitations of glass models. He pointed out that 
their rigidity was the very antithesis of the elasticity of the living organ. He 
also remarked that they were bound to be too schematic : ‘ Es diirfte einleuchten, 
dass wenige Glassréhren und zwei Gummibille zwar mit dem Dotterweichsen 
Modell iibereinstimmen kénnen, aber schwerlich mit dem kompliziertesten 
Lungentyp, der im Tierreich anzutreffen ist.’ Furthermore, he recalled atten- 
tion to the discovery of Soum (1896) that birds can continue to breathe when 
all the sacs are opened, and he himself claimed to have observed the lungs 
expanding and collapsing in response to the movements of the ribs. Only in 
hyperventilation did he concede that the sacs might act as bellows. The passage 
of the air within the lung itself he tentatively suggested to be simple, direct 
and oscillatory, rather than complex, organized and circulatory. 

Scharnke’s final conclusion was that with our existing knowledge the 
extremely complicated problem of avian breathing remained unsolved. 
A similar standpoint was taken by Krogh (1941) in a critical survey: ‘A study 
of the distribution of the inspired air between the lungs and the separate air 
sacs presents formidable experimental difficulties, and from the literature 
anything but a clear and consistent picture can be obtained.’ Plainly Krogh 
regarded the problem as unsolved in its two main aspects. These appear to be: 
(1) Is the air inspired by the bellows action of the sacs, the expansion of the 
lung itself, or both? (2) Does the air travel in the lung in a complicated circula- 
tion or by a simple oscillation? 

The present investigation arose through the need for a new experimental 
approach to these questions. It has long been known that the air sacs enter 
many of the bones (Campana, 1875; King & Kelly, 1956), and in 1774 John 
Hunter exploited this fact by cutting through the humerus of a living fowl 
and ligating the trachea; he found that ‘the air passed to and fro from the 
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lungs by the canal in this bone’. This experiment was repeated often during the 
nineteenth century on the humerus and femur of various species of birds, 
usually the duck, pigeon, or crow (Albers, 1802; Vrolik, 1803; Sappey, 1847; 
Colin, 1856; Baer, 1896). However, it demonstrated only that this mode of 
breathing was possible, and that the pressure inside the humerus and femur 
fluctuated with the breathing cycle. 

It was decided to develop these experiments by making a quantitative 
comparison of tracheal breathing with breathing through one of the air sacs. 
The interclavicular sac was selected because it connects with both lungs, 
extends outside the body wall, and can be simply cannulated at a constant 
fixed point, i.e. the humerus. It was thought that breathing through the 
humerus (subsequently referred to as humeral breathing) might throw light 
particularly on the second aspect of the problem of avian breathing: intro- 
duction of the air to the lung directly into the secondary and tertiary bronchi 
instead of through the trachea should disorganize a complex circulation of air 
controlled by subtle aerodynamic factors such as those postulated by Hazel- 
hoff, but should not seriously interfere with a simple oscillatory or reciprocal 
movement of air such as that visualized by Scharnke and Zeuthen. The 
hypotheses of Hazelhoff, of Scharnke and of Zeuthen are discussed later in this 
paper. 

For experimental purposes Gallus domesticus has the decisive advantage that 
its respiratory anatomy is certainly better known than that of any other bird. 
This is important because, as Scharnke (1938) emphasized, research into avian 
breathing must have an adequate anatomical-physiological basis. 


ANATOMY 


When the bird breathes through its humerus the interclavicular air sac provides the pathway 
between the bone and lungs. In @. domesticus, as in various other birds, this is the most compli- 
cated of the air sacs. Unfortunately a concise and reliable account of its definitive anatomy in this 
species is not available: Campana’s (1875) description, the only one of any consequence, is 
accurate, but its voluminous details and lack of simplifying diagrams render it highly esoteric. 
It also has some omissions, especially of measurements. For these reasons it is necessary to outline 
here the anatomy of this sac. 

In principle it consists of a median chamber, and two lateral chambers, one on each side of the 
body. (Text-fig. 1; Pl. 1). The median chamber is composed of three pairs of intracoelomic diverti- 
cula which point caudally and more or less enclose the heart, and one pair of large, mainly extra- 
coelomic, diverticula which project cranially on either side of the base of the neck. On the left 
and on the right side of the median chamber, at the junction of these cranial and caudal diverticula, 
arises a canal which leads to the lateral chamber; this canal is long and wide, and sandwiched 
between two flat muscles so that in transverse section it resembles an intermuscular slit. On 
casts made by one of us (A.8.K.) from typical adult hens it was about 3 cm long, 1-5 cm wide, 
and 1 mm thick. Each lateral chamber is composed of three diverticula, pectoral, axillary and 
humeral, which penetrate between the muscles round the shoulder joint. The humeral diverticulum, 
which consists of several small irregular extensions, arises by a pedicle from the lateral end of the 
canal connecting the median and lateral chambers; on our casts this pedicle was similar in size to 
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the canal. The small extension of the humeral diverticulum which penetrates into the humerus 
comes off close to the junction of the pedicle with the canal. This extension passes first through 
the pneumatic foramen, which is wide and roomy in the macerated bone but constricted in the 
fresh specimen by the insertions of muscles; it then goes inside the humerus along a short, bony 
tube, the walls of which are perforated by foramina, and finally expands to occupy the interior 
of the shaft and epiphyses. 

The median chamber connects to each lung by a lateral and a medial group of small tubes, and 
a single large tube. The lateral group consists of two or three simple tubes, each about 1-5 mm in 
diameter and 1 mm long, opening into the tertiary bronchi of the first ventromedial secondary 
bronchus. (For the general anatomy of the bronchial systems of the lung, etc., in this species see 
King, 1956.) The medial group consists of many smaller tubes, about 1 mm in diameter, which are 


Text-fig. 1. Semi-schematic dorsolateral view of the median chamber of the interclavicular air 
sac and its connexions to the right lung (RL) in G. domesticus. The dotted lines represent the 
trachea (7'R) dividing into two primary bronchi. The right primary bronchus (RPB) gives 
off the four ventromedial (1 to4) and then thesix d dial dary bronchi, and endsin the 
right abdominal air sac (RAS). The dorsal and lateral secondary bronchi are omitted. A few 
tertiary bronchi (7') are shown. PD, AD and HD, respectively the pectoral, axillary, and 
humeral diverticula of the right lateral chamber; H, extension of humeral diverticulum into 
humerus; CR and CL, right and left connecting canals. D, diverticula of median chamber, 
D1 being the cranial pair and D2 and D3 being two of the caudal pairs. The third caudal 
pair of diverticula (unlabelled) is the pair of humps with the many connexions to the lungs. 
ROTS, right cranial thoracic sac. The thin arrows point to the connexions of the interclavi- 
cular sac to tertiary bronchi. The three thick arrows point to the large connexions of the 
interclavicular and cranial thoracic sacs to the third ventromedial secondary bronchus. The 
connexions of the interclavicular sac to the left lung are cut. 
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complicated and variable. Campana was not certain where they went, but believed that they 
opened into tertiary bronchi of the first dorsomedial secondary bronchus and of the first latera! 
secondary bronchus. Our casts showed that they also connected to the first ventromedial secondary 
bronchus, close to where the lateral group connected, and probably to the second ventromedial 
secondary bronchus. Campana (1875) noted that the median chamber connects to the cranial 
thoracic sac by a tube about 1 cm long and 1-5 mm in diameter. This is in fact rather 

We found that the interclavicular sac and the cranial thoracic sac each gives rise to a large tube 
about 5 mm long and about 2-3 mm in diameter; these fuse to form a common tube, also about 
5 mm long, which opens into the root of the third ventromedial secondary bronchus at a point 
about 5 mm from the primary bronchus. 

From caste from one small adult hen weighing 1-6 kg Campana (1875) estimated that the 
capacity of the whole interclavicular sac at inspiration was about 20 ml. Zeuthen (1943) gave the 
capacity as 9 ml., but remarked that his casts failed to fill the sac. No other estimate seems to 
have been published for this species. Volumetric measurements of our casts indicate that, in adult 
hens weighing about 2-5 kg, the maximum capacity of the median chamber is about 20 ml. and 
that of each lateral chamber is about 8 ml. If the bird is made to breathe through the humerus the 
interclavicular sac provides a dead space: it is also likely that some of the narrow passages along 
which the air must go in its jowrney through the sac would offer considerable frictional resistance 
to the flow of air. 


MATERIALS. AND METHODS 


Experiments were made on adult specimens of @. domesticus of the Rhode Island Red breed. 
Twelve were females, averaging 2°83 kg-in weight, and one was a male of 4-3 kg (bird 10). The birds 
were divided into two groups: A, a series of eleven birds (birds 1-11) in which all experiments 
were made under general anaesthesia; B, two birds (birds 12 and 13) in which all experiments 
were made after death. 

Group A. A 43% aqueous solution of urethane injected into the wing vein gave adequate 
surgical anaesthesia. In the last two. birds (birds 10 and 11) 2 mg/kg of atropine was injected 
intramuscularly and this reduced tracheal secretion. 

With the bird on ite back the trachea was cannulated close to the larynx, and the shaft of the 
humerus was sawn through in its distal third. In most birds the substantial vessels that run 
proximo-distally inside the bone produced a slight but obstinate haemorrhage, which sometimes 
resisted all attempts at haemostasis so that repeated clearing of the inside of the humerus was 
necessary. In the last three birds (birds 9-11) the vessels at the nutrient foramen were ligated 
before transection of the humerus, but this was not an entirely satisfactory remedy. Several times 
the humerus became completely blocked by clots and it was necessary to prepare the one on the 
other side. 

It was found that there was only one position of the wing in which the bird could breathe freely 
through its humerus. This varied with each animal and had to be found by trial and error. The 
slightest change in position, as when removing clots from inside the humerus, generally either 
prevented breathing altogether or prevented inspiration or expiration. Obstructions of the 
humeral airway by haemorrhage or accidental alteration in the position of the wing were the main 

The first five birds (birds 1-5) were used to compare the expiratory and inspiratory pressures 
for tracheal and humeral breathing, and to discover how long they could breathe continuously 
through the humerus, using either free air or a mixture of air and oxygen in a closed apparatus. 

For the last six birds (birds 6-11) the apparatus was constant. It consisted-of a closed circuit 
with a 31. reservoir which connected with a float spirometer, of about 100 ml. capacity, writing 
on & kymograph. Two water-valves controlled inspiration and expiration through a short T-piece 
which connected with the trac! 4l ¢annula; the respiratory effort needed to work the valves was 
reduced by immersing the tubes only a fraction of a millimetre below the surface of the water. 
A soda-lime container was interposed between the expiratory valve and the reservoir, and a water 
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manometer was placed on the tracheal side of the inspiratory valve. The reservoir contained 
oxygen, except that for three birds breathing was recorded first with oxygen and then with air in 
the apparatus; during the longer periods of continuous recording while air was being breathed, 
the oxygen was not allowed to fall below 10 % of the total gas within the apparatus. The complete 
efficiency of the valves and CO, absorber was proved by a gas analysis of the contents of the 
than 3 ml. 

The significance, during humeral breathing, of the dead space of the interclavicular air sac and 
the significance of the frictional resistance of its narrow passages were tested by means of a 20 ml. 
glass cylinder (representing the dead space), and a glass tube of uniform calibre 1-5 mm long and 
5-5 mm* in ite internal cross-sectional area (representing the sources of frictional resistance). 
| These two devices were interposed in series between the tracheal cannula and the apparatus, 

during tracheal breathing; this arrangement will be called the obstructed trachea. For the large 
male bird the artificial dead space was increased to 30 ml. and the cross-sectional area of the 
tubular resistance to 6-5 mm*. 

Records were obtained giving the oxygen consumption per minute, and amplitude and rate of 
breathing, during: (a) breathing through the trachea, (6) breathing through the humerus, 
(c) breathing through the obstructed trachea, and (d) breathing through the trachea partly obstructed 
by either the artificial dead space or the artificial resistance. Cyanosis of the comb and asphyxia) 
movements were noted. 

Group B. Experiments were made on the two birds in this group to compare the frictional 
resistance within the interclavicular air sac with that of the artificial resistance and dead space 
used in the live experiments. 

After the bird had been killed by intraperitoneal pentobarbitone (Euthatal, May and Baker) 
the alimentary tract from the duodenum to the rectum was removed through a ventral median 
incision, The carcass was firmly fixed on its back, and the gizzard was lifted from the coelom and 
secured. The left and right abdominal air sacs were now widely opened, near their connexions to 
the lung, so as to allow a free escape of air from the caudal end of the primary bronchus. The 
‘ trachea and one humerus were cannulated as for the birds in group A. Oxygen was now passed 
through the trachea with the humerus closed, and through the humerus with the trachea closed. 
A dial flowmeter of standard pattern, calibrated and tested for accuracy, and a water manometer 
were attached to the oxygen cylinder. 

Observations were made on the pressure required to drive the gas at rates between 1-0 and 
5-4 1./min through (a) the trachea, (b) the humerus, and (c) the obstructed trachea. 

The casts of the respiratory tract which were made to clarify the anatomy of the interclavicular 
sac and to find its maximum capacity were obtained by injecting latex by gravity into the trachea 
} and into the humerus in four adult hens of average weight 2-6 kg. The height of the latex above 
the bird did not exceed 75 cm. 


| RESULTS 
Comparison of tracheal with humeral breathing 
The inspiratory and expiratory pressures were generally the same for humeral 
} breathing as for tracheal breathing. At the beginning of each inspiration the 
pressure fell transiently to between 10 and 15 mm of water below atmospheric 
pressure; it then rapidly changed to between 5 and 7 mm of water below 
atmospheric pressure and remained at that value until the end of the inspira- 
tory phase. At the beginning of each expiration the pressure rose, again 
transiently, to between 10 and 15 mm of water above atmospheric pressure; 
/ it them rapidly changed to between 5 and 7 mm above atmospheric pressure 
and remained there until the end of the phase. In two of the early experiments 
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the inspiratory pressure during humeral breathing fell to between 25 and 
50 mm below, and the expiratory pressure rose to between 25 and 50 mm 
above, atmospheric pressure, but there were indications that the humeral 
airway was obstructed. When both the trachea and the humerus were sud- 
denly closed, in experiments on three birds, the pressure during the first six 
inspiratory efforts fell to between 30 and 60 mm of water below atmospheric 
pressure. . 

During tracheal breathing the oxygen consumption, amplitude (tidal air), 
rate and minute volume varied considerably both from bird to bird and in 
individual birds. When either oxygen or air was breathed, the oxygen con- 
sumption was maintained at a fairly steady level, usually of about 20-30 ml./ 
min (about 45 ml. in the large male bird). When oxygen was breathed, 
generally the amplitude ranged from 15 to 25 ml., and the rate of breathing 
ranged from 7 to 15/min (about 45 ml. and 10/min in the large male bird). 
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Text-fig. 2. Bird 7, breathing oxygen through the humerus. @———@, oxygen consumption; 
O——O, minute volume; ©——-©, amplitude; ©———O, rate/min. 


When air was breathed the amplitude tended to increase, while the rate 
remained relatively constan . The minute volume was generally between 150 
and 300 ml./min (220-500 in in the large male bird). 

On changing to humeral breathing of oxygen, usually the amplitude and 
minute volume increased and the rate decreased, while the oxygen consump- 
tion at first declined and then remained steady (Text-fig. 2). When air was 
breathed through the humerus, usually the amplitude and minute volume 
increased greatly and the rate changed little or not at all, while the oxygen 
consumption decreased progressively. 

It was noted for every bird that there was a tendency after a few hours 
towards a slow but progressive reduction in rate, and a corresponding reduction 
in minute volume; the oxygen consumption also tended to fall progressively. 
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This was probably due to adverse changes in the general condition of the 
animal, mainly from the anaesthetic and the experimental procedures. 

The results of six experiments on five birds to find out how long they could 
breathe air or oxygen continuously through the humerus are shown in Table 1. 
When air was breathed this period usually lasted only a few minutes, but when 
oxygen was breathed it could often be maintained for between half an hour 
and an hour and was once continued for over 3 hr. 


TaBtE 1. The longest possible period of continuous humeral breathing. Expts. 2 and 3 
were made on the same bird; the other experiments were on different birds 


of period Mode of 
Expt. Gas breathed (min) 

1 Air: free 45 Death from 

2 Air: closed circuit 2 bce sa bong 
3 Air: free Death from asphyxia 
4 Mainly oxygen: closed circuit 16 yxia imminent 
5 Oxygen: circuit 54 Death from asphyxia 
6 Oxygen: closed circuit 221 Death from asphyxia 


Comparison of tracheal with obstructed tracheal breathing 

The transition from tracheal to obstructed tracheal breathing caused changes 
in oxygen consumption, amplitude, rate and minute volume, which were 
similar in general pattern to those which occurred on changing from tracheal 
to humeral breathing. Thus, when oxygen was breathed, generally the ampli- 
tude and minute volume increased and the rate decreased, while the oxygen 
consumption decreased at first but then remained steady. These changes 
resemble those shown in Fig. 2. When air was breathed, generally the amplitude 
and minute volume increased greatly and the rate changed very little, while 
the oxygen consumption fell progressively. Smaller increases in amplitude 
and minute volume and smaller reductions in oxygen consumption occurred, 
though rather inconsistently, when the trachea was partly obstructed by 
either the artificial dead space or the resistance. The inspiratory and expiratory 
pressures were the same as for tracheal and for humeral breathing. 


Quantitative comparison of humeral breathing with obstructed 
tracheal breathing 

Reliable quantitative comparisons of humeral breathing with obstructed 
tracheal breathing were difficult to obtain, because it was necessary to record 
consecutively the two types of breathing for an adequate period. Many 
attempts were spoilt by intermittent obstruction of the humeral airway. 
However, eventually eight such comparisons were obtained, four breathing 
oxygen and four breathing air. | 

When oxygen was breathed the changes in amplitude, rate and minute 
volume during humeral breathing were broadly similar quantitatively to 
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those during obstructed tracheal breathing. But the initial fall in the oxygen 
consumption tended to be more rapid during humeral breathing as is shown 
in Text-fig. 3. 

When air was breathed there were again similar quantitative changes in 
amplitude, rate, and minute volume, but there were now distinct differences 
in the oxygen consumption. In fact during humeral breathing it often 
decreased so rapidly that a state of asphyxia was soon reached. For example, 
in the experiment shown in Text-fig. 4 it fell, after 5 min of humeral breathing, 


Obstructed tracheal breathing Breathing through humerus 
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rene Two experiments on bird 10 comparing obstructed tracheal breathing with breathing 
through the humerus. Oxygen was breathed. Symbols as for Fig. 2. 


to 16 ml./min with signs of imminent asphyxia; after 7 min of obstructed 
tracheal breathing it was still above 20 ml./min and there was no immediate 
danger of asphyxia. Furthermore, the ratio of minute volume to oxygen con- 
sumption was now usually substantially higher during humeral breathing (see 
Table 2). Asphyxial movements usually occurred towards the end of the 
periods of both humeral breathing and obstructed tracheal breathing; but 
almost always they were more marked during humeral breathing. Cyanosis 
was also more obvious during humeral breathing. 


Oxygen consumption (ml./min) 
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Breathing through humerus Obstructed tracheal breathing 
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Text-fig. 4. Two experiments on bird 10 comparing breathing through the humerus with obstructed 
tracheal breathing. Air was breathed. Symbols as for Fig. 2. 


_ Taste 2. The ratios of mean minute volume to mean oxygen consumption in the eight com- 
parisons of obstructed tracheal breathing (7' + DS +R) with humeral breathing (H). The 
figures are obtained by dividing the mean minute volume by the mean oxygen consumption 


: | Ratios of mean minute volume to mean oxygen consumption 


Breathing oxygen Breathing air 

no. no. T+DS+R H T+DS+R H 
9 I 8-9 8-7 — — 

2 ies — 10-0 13-8 

3 — — 13-5 17-0 
10 I 11-3 10-5 
2 79 10-3 

3 — 19+] 22-2 

4 16-8 16-8 
ll 1 54 6-2 


Comparison of the frictional resistance of the interclavicular sac 
with that of the artificial resistance and dead space 

Experiments were made on dead birds to find the pressures needed to drive 
oxygen, at varying rates of flow, through the trachea, through the humerus, 
and through the obstructed trachea, the gas escaping freely from the opened 
abdominal sacs. Table 3 summarizes the results. 

It was found that the pressure required to drive the gas through the 
obstructed trachea was about 50-75% greater than that required to drive the 
gas through the unobstructed trachea; experiments in which the resistance 
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and dead space were added individually showed that this rise in pressure was 
almost entirely due to the resistance. The pressure required to drive the gas 
through the humerus was in general much the same, at the lower rates of flow, 
as the pressure required to drive it through the obstructed trachea. In fact 
at 1-01./min, the slowest rate, the pressure needed for the humerus was 
slightly less than that for the obstructed trachea. In Expts. 1 and 2 this also 
applied to rates of 1-8 and 2-2 1./min, but as the rate increased still more the 
pressure required for the humerus became greater than that for the obstructed 
trachea, exceeding it by about 10%, at the highest rates of flow. In Expt. 3, 
at a rate of flow of 1-8 1./min the pressure for the humerus was about the same 
as that for the obstructed trachea; at rates of flow faster than 2-2 |./min the 
pressure needed for the humerus was between 15 and 18% greater than for the 
obstructed trachea. 


Taste 3. Three experiments on dead birds comparing the pressures required to drive oxygen through 
trachea (7'), through the humerus (H), and through the trachea with the artificial resistance (2) 
artificial dead space (DS) interposed. Each entry under Expts. 1 and 3 is the mean of six readings with 
standard deviation; each entry under Expt. 2 is the mean of four readings with ite standard cevi 
Expts. 1 and 2 were made on bird 12 and Expt. 3 was on bird 13 


Pressures in mm water at various rates of flow 


10L/min 1-8L/min 22L/min 271L/min 3-61./min 


3-0+0 3-7540-30 6&34028 6540 9740-53 1494048 20-040 
H 4040 56 +020 7-3841:16 1034058 160+40-71 2524063 35-30 
T+R+DS 45+0 58 +057 80+0 10-0+0 15-23-0-57 23-340-92 32-60 
T 3-0+0 37 +050 50+0 624050 944044 1614109 2)-1+ 
H 4-0+0 5-2 +050 7-740-50 10-0+0 1614044 25-240-50 36-0+0 
T+R+DS 424050 55 +071 80+0 10-0+0 15-0+0 23-0+0 33-0+0 
T 314046 40 +0 5-0+0 6-0+0 9-0+0 13-34058 18-00 
H 4840-66 66 4046 934058 1224058 1764046 2674092 37-710 
T+R+DS 50+0 64 40-46 864084 10-441:10 15-040 23-240-91 32-410 


DISCUSSION 


When the bird breathed through its humerus, amplitude and minute volume 
increased while the oxygen consumption decreased, compared with ordinary 
tracheal breathing. These changes must mean that less oxygen was reaching 
the lung. Rebreathing was undoubtedly the main reason for this, for the air 
had to pass through the interclavicular air sac which provided dead space. 
Frictional resistance within the air sac was another possible reason, for which 
there was evidence from the experiments on the dead bird. Thus there can be 
little doubt that the dead space and frictional resistance within the air sac 
were two factors accounting for the adverse respiratory changes during 
humeral breathing. To find out if these were the only factors the bird was 
made to breathe through its trachea with a 20 ml. cylinder and a narrow tube 
interposed between the tracheal cannula and the recording apparatus (ob- 
structed tracheal breathing). The cylinder represented the dead space, and 
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the tube represented the frictional resistance, of the air sac. Changes in 
amplitude, minute volume, and oxygen consumption were observed which 
were similar in general pattern to those during humeral breathing; rebreathing 
and frictional resistance accounted for these changes. Efforts had been made 
to ensure that the dead space and frictional resistance in obstructed tracheal 
breathing were at least as great as in humeral breathing. In fact, as will be 
shown below, the dead space was apparently much greater during obstructed 
tracheal breathing. It was therefore to be expected that the changes in 
amplitude, minute volume, and oxygen consumption during obstructed 
tracheal breathing would be more adverse than those during humeral breathing: 
actually, the reverse was observed. Our conclusions on how the air moves in 
the lung depend entirely on the reason why the result obtained was the 
opposite to that expected. We believe the reason is that the movement of air 
inside the lung was disorganized during humeral breathing. From this we 
conclude that, although the problem cannot yet be considered as solved, the 
movement of air is more likely to be a circulation of the type proposed by 
Hazelhoff (1951) than a simple oscillation or reciprocal movement. 

It is now necessary to consider how exactly the artificial dead space and 
resistance during obstructed tracheal breathing represented the dead space 
and resistance in the air sac. The capacity of the dead space in the sac is not 
known, but presumably will depend on the following factors. The anatomical 
relationship of the sac to the lungs (Text-fig. 1) is such that only the median 
chamber and the extension of the humeral diverticulum into the humerus on 
the cannulated side, and the slit-like canal connecting them, would have 
produced dead space. From our casts we estimated that the capacity of the 
extension into the humerus and the canal connecting it to the median chamber 
was about 4 ml. The capacity of the median chamber in our casts was about 
20 ml., but for two reasons it seems unlikely that this was all dead space. 
First, these casts were made by injecting the sacs at pressures greater than 
those occurring in the respiratory tract during life, and therefore the sacs 
presumably were distended more than at the peak even of forced inspiration: 
the dead space is related to the capacity at the end of expiration. Secondly, 
the relationship of the canal (connecting the lateral to the median chamber) 
to the connexions to the lung is such that some degree of axial flow of air 
across the median chamber seems likely. This factor is difficult or impossible 
to assess accurately ; however, it appears reasonable to assume that the blind 
ends of some of the diverticula, especially of the large cranial ones which 
constitute about half the volume of the median chamber, would offer little 
dead space. Taking into account the distension of our casts and the possibility 
of axial flow, we estimate the dead space in the median chamber to be about 
10 ml. If so, the total dead space during humeral breathing must have been 
less than 15 ml. During obstructed tracheal breathing the artificial dead space 
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was 20 ml; the trachea itself also has a dead space, which on two birds we 


found to be about 4 ml. to the level of cannulation. The total dead space 
during obstructed tracheal breathing was therefore about 24 ml. 

Several sources of frictional resistance in the air sac are obvious, notably 
the bony tube inside the humerus, the bottleneck at the pneumatic foramen, 
the pedicle of the humeral diverticulum, the narrow intermuscular canal 
leading to the median chamber, and the tubes connecting the sac to the lung. 
During obstructed tracheal breathing all these were represented by a single 
narrow glass tube: this is a completely arbitrary comparison. However, the 
flowmeter experiments on the dead birds give some indication of the extent 
to which this glass tube represented the resistance in the sac. At the faster 
rates of flow, i.e. greater than 2-2 1./min, the pressure needed to drive the gas 
through the humerus was 10-18%, greater than that required to drive it 
through the obstructed trachea. But at the slower rates of flow, i.e. 1-0 and 
1-8 L/min, the pressure needed to drive the gas through the humerus was 
generally lower than that required to drive the gas through the obstructed 
trachea. Even these slower rates are respectively about equal to and twice as 
fast as the greatest rate of flow (minute volume x 2) ever observed during any 
of the experiments on the (female) birds; they are about twice and four times 
as fast as the usual rate of flow. This seems to indicate that for the minute 
volumes shown by our birds the artificial resistance can be regarded as about 
equivalent to the resistance within the interclavicular air sac during humeral 
breathing. 

The relationship of the frictional resistance and dead space during obstructed 
tracheal breathing to the frictional resistance and dead space during humeral 
breathing can now be summarized: the frictional resistance during obstructed 
tracheal breathing was apparently about equivalent to the frictional resistance 
during humeral breathing, but the dead space during obstructed tracheal 
breathing was, we believe, about 70% greater than the dead space during 
humeral breathing. 

The transition from tracheal to humeral breathing caused changes which 
were similar in their general pattern to those resulting from the transition 
from tracheal to obstructed tracheal breathing. But the direct quantitative 
comparisons of humeral breathing with obstructed tracheal breathing revealed 
certain differences in the two types of breathing. When oxygen was breathed 
the amplitude, rate, and minute volume were similar, but the initial decrease 
in the oxygen consumption tended to be more rapid during humeral breathing 
than during obstructed tracheal breathing. When air was breathed the ampli- 
tude, rate, and minute volume were again similar, but the difference in oxygen 
consumption was now more distinct: in fact the oxygen consumption declined 
disastrously during humeral breathing, and overt signs of asphyxia were 
relatively marked; also the ratios of minute volume to oxygen consumption 
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tended to be substantially higher during humeral breathing than during 
obstructed tracheal breathing. Thus the evidence is that humeral breathing 
was inferior to obstructed tracheal breathing. 

This is surprising in view of the supposed disparity in the volume of dead 
space in the two types of breathing: one would have expected just the opposite 
result. It leads to the conclusion that there must be some other adverse factor 
(or factors) during humeral breathing. 

This extra factor cannot be identified with certainty, but there seem to be 
several possibilities. First, it might arise from an underestimate of the 
frictional resistance within the humeral airway. The flowmeter experiments 
suggest that this is not the explanation, but they were not strictly comparable 
to the live experiments, notably because they tested resistance in the cadaver 
to the flow of air in the direction of inspiration only. On the other hand, this 
objection is weakened by the fact that both the inspiratory and expiratory 
pressures during humeral breathing were observed to be generally the same 
as those during obstructed tracheal breathing. Secondly, our estimate of the 
dead space in the sac might be wrong, for it depends on two unknown values, 
namely the degree of axial flow in the median chamber and the capacity of the 
median chamber at the end of expiration. However, it seems unlikely that 
this error alone could explain all the results. The total capacity of the median 
chamber and its connexions to the cannulated humerus was about 24 ml. when 
distended under pressure. The dead space during obstructed tracheal breathing 
was also about 24 ml. Yet humeral breathing was not equivalent to obstructed 
tracheal breathing, but inferior to it. For these reasons we believe that there 
are grounds for preferring a third possibility, namely that the movement of 
air inside the lung itself is disorganized during humeral breathing. 

According to Scharnke’s (1938) hypothesis on the movement of air in the 
lung during tracheal breathing, the air simply oscillates indiscriminately 
| during inspiration and expiration in and out of all the secondary bronchial 
apertures which lead from the primary bronchus. Zeuthen’s (1943) hypothesis 
supposed that much of the air moves through the ventromedial, tertiary, and 
dorsomedial bronchi during inspiration (i.e. V-7—D, Text-fig. 5) and in the 
reverse direction during expiration (D-T-V). During humeral breathing the 
interclavicular air sac introduces the air into the lung at several points, notably 
} into the root of the third ventromedial secondary bronchus and into the 
tertiary bronchi of the first ventromedial and first dorsomedial secondary 
bronchi (Text-fig. 5). (Other connexions probably exist: see Anatomy.) If 
either Scharnke’s or Zeuthen’s hypothesis is correct it seems likely that the 
air would oscillate in the secondary and tertiary bronchi during humeral 
breathing in virtually the same way as during tracheal breathing. The cranial 
thoracic sac needs special consideration because potentially it communicates 
with the interclavicular sac (via their common connexion to the third ventro- 
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medial bronchus). If the bellows theory is false the cranial thoracic sac will 


fill neither in tracheal nor in humeral breathing, and can therefore be ignored. 
However, assuming the bellows theory to be correct, and assuming either 
Scharnke’s or Zeuthen’s hypothesis on the movement of air in the lung to be 
correct, from where will the air come to fill the cranial thoracic sac, on inspira- 
tion, during tracheal breathing? It should be filled mainly by air coming 
directly from the mesobronchus via the root of the third ventromedial 
secondary bronchus, i.e. by air most of which has not passed through the 
tertiary bronchi and therefore has not been exposed to gaseous exchanges. 


Text-fig. 5. Diagram of the interclavicular, right cranial thoracic, and right abdominal sacs and 
their connexions to the main bronchial systems of the right lung. V, the four ventromedial 
secondary bronchi; D, the six dorsomedial secondary bronchi; 7’, four representative tertiary 
bronchi; z and y, sites of aerodynamic factors postulated by Hazelhoff. Other abbreviations 
as in Fig. 1. Arrows show the main routes by which air enters the lung during humeral 


breathing; probable connexions to the tertiary bronchi of the second ventromedial secondary 
bronchus are omitted. 


During humeral breathing (still assuming the bellows theory to be correct) 
it should be filled mainly by air coming directly from the interclavicular sac 
via the common connexion to the third ventromedial bronchus, i.e. again 
mainly by air which has not been exposed to gaseous exchanges. Thus, assuming 
either Scharnke’s or Zeuthen’s hypothesis to be correct, both the lung and the 
cranial thoracic sac should act with the same effect in humeral breathing as in 
tracheal breathing (regardless of whether the bellows theory is correct or not): 
or, to put it the other way, there seems to-be no theoretical reason why humera! 


breathing should disorganize a movement of air in the lung of the type postu- 
lated by Scharnke and Zeuthen. 
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On the other hand, Hazelhoff (1951) proposed that, during tracheal 
breathing, aerodynamic factors at points z and y (Text-fig. 5) control a 
continuous circulation of air in the direction D-T-V during both expiration 
and inspiration. During expiration through the humerus this D-T-V circuit 
should still operate since the aerodynamic factor at y should be undisturbed. 
But during inspiration through the humerus much of the air entering the first 
and third, and probably also the second, ventromedial secondary bronchi 
should pass in the reverse direction, i.e. V-7-—D, because the aerodynamic 
factor at x can no longer act. Thus there would be a reciprocal movement, 
which would presumably be less efficient than a circular movement for it would 
give the effect of a dead space. The cranial thoracic sac, according to Hazel- 
hoff’s hypothesis, is filled (during tracheal breathing) by air which has already 
passed round the D-7- V circuit and so has been exposed to gaseous exchanges: 
indeed it has been claimed that there is substantially more CO, and less O, 
in the cranial thoracic sac than in the abdominal sac (Vos, 1934; Makowski, 
1938), a point which Hazelhoff emphasized. But, assuming with Hazelhoff 
that the bellows theory is correct, it is likely that during humeral breathing 
the cranial thoracic sac would be filled mainly by relatively fresh air directly 
from the interclavicular sac (as shown above); this would amount to a further 
great increase in dead space. Thus, under Hazelhoff’s hypothesis, both the 
movement of air in the bronchi and the method of filling of the cranial thoracic 
sac should theoretically be less efficient in humeral breathing than in tracheal 
breathing: this could account for the disorganization within the lung during 
humeral breathing which we believe is indicated by the results of our 
experiments. 

The main conclusion can now be summarized. There is some evidence from 
our experiments that humeral breathing is inefficient, not only because of the 
dead space and frictional resistance in the interclavicular air sac, but also 
because it disorganizes the movement of air within the lung. Theoretically, 
humeral breathing should not disorganize the relatively simple movements 
proposed by Scharnke (1938) and Zeuthen (1943); but there are theoretical 
reasons why it should disorganize the relatively complex circulation, aero- 
dynamically controlled, postulated by Hazelhoff (1951). Therefore we conclude 
that the movement of air in the lung of @. domesticus is more likely to be a 
circulation of the type visualized by Hazelhoff than a simple oscillation; 
nevertheless, this conclusion must be tentative because of the sources of error, 
which have been pointed out, in assessing the degree of frictional resistance 
and the capacity of the dead space in the interclavicular air sac. We further 
suggest that these experiments open a new approach which, if applied to other 
air savs, may provide a way out of the impasse now confronting the worker in 
this field. 


é 
J 
fi 4 
> 
4 
4 
J 
» 
4 
4 
4 


298 P. M. BIGGS AND A. 8. KING 


SUMMARY 


1. A new experimental approach to the still unsolved problems of the 
movement of air withjn the avian respiratory tract has been attempted, the 
principle being a quantitative comparison of tracheal breathing with breathing 
through one of the air sacs. This has been applied in @. domesticus to the inter- 
clavicular sac cannulated at the humerus. Air or oxygen was breathed. 

2. Humeral breathing was found to be markedly inferior to tracheal, being 
characterized by reduction in oxygen consumption in spite of an increase in 
amplitude and minute volume. 

3. A glass cylinder and a glass tube, representing respectively the dead 
space and the frictional resistance of the interclavicular sac, were applied to 
the trachea; they caused changes in amplitude, minute volume and oxygen 
consumption comparable to those observed in humeral breathing. But there 
was a more drastic reduction in oxygen consumption during humeral breathing 
than during tracheal breathing through the cylinder and tube, especially when 
air was breathed; also overt signs of asphyxia were more marked during 
humeral breathing. 

4. This indicated that breathing through the humerus had disorganized the 
movement of air within the lung itself. It is tentatively concluded from this 
that the movement of air in the lung is more likely to be a circulation, of the 
type proposed by Hazelhoff (1951), than a simple oscillation or reciprocal 
movement as suggested by Scharnke (1938) and Zeuthen (1943). 
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EXPLANATION OF PLATE 


Dorsolateral view of cast of the interclavicular air sac, with the cranial thoracic sacs and lungs, 
from an adult hen (@. domesticus). LL, left tung; LAS, left abdominal air sac; LOTS, left 
cranial thoracic air sac; PD, AD, HD, H, diverticula (named as in Fig. 1) of the left lateral 

chamber. The arrow points to the left lateral group of connexions of the interclavicular sac 

' to the left lung. Other abbreviations as in Fig. 1. 
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EFFECT OF BLADDER DISTENSION ON ARTERIAL BLOOD 
PRESSURE AND RENAL CIRCULATION 
IN ACUTE SPINAL CATS 


By 8. R. MUKHERJEE* 
From the Department of Physiology, University of Edinburgh 
(Received 1 June 1957) 


Guttmann & Whitteridge (1947) found that in paraplegics, when the urinary 
bladder is distended, the blood pressure rises. This is particularly marked when 
the lesion is in the lower cervical or in the higher thoracic region (C,-T,). 
Subsequently, Cunningham, Guttmann, Whitteridge & Wyndham (1953) re- 
marked that splanchnic vasoconstriction is the likely mechanism for the rise 
in blood pressure. 

In another paper (Mukherjee, 1957), it has been shown that splanchnic 
vasoconstriction causes a rise in blood pressure when the urinary bladder is 
distended in cats (non-spinal preparations). Definite evidence of renal vaso- 
constriction was also obtained during bladder distension. 

Acute spinal preparations suitable for such investigations present experi- 
mental difficulties. When it was found that an acute spinal preparation can 
be made, in which vascular reflexes can be elicited satisfactorily, a study 
was made of the effects of bladder distension on blood pressure and renal 
circulation. 

The purpose of this paper is te report the technique used in preparing the 
experimental (acute) spinal cat and the investigations subsequently carried 
out. 

METHODS 
Female cats varying in body weight (2-5-3-5 kg) have been used. Anaesthesia is induced with 
ethyl chloride followed by ether and maintained with chloralose (80 mg/kg body wt.). The trachea 
is cannulated and a T tube put in and nothing further is done for the next 45-60 min. The animal 
is then placed in the prone position with a cotton bag under the clavicles, thus allowing the neck 
to be flexed slightly. Care is taken to see that the animal is breathing freely. An incision is made 
in the mid line from a point between the scapular spines to the occiput through skin, fasciae and 
muscles down to the vertebral spines. If the dissection is carried out meticulously in the middle 


line, the bleeding is insignificant. The muscles on the laminae are gently retracted on either side 
of the spines for a distance of }~} in. This is done first by a few cuts with the scalpel on the margins 


* Present address: Department of Physiology, Science College, University of Calcutta. 
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of spines and then by the use of its handle, or a rugine, and a piece of gauze. The piece of gauze 
is then tucked into the wound for a minute or two. 

The spine lying at the middle of the exposed area and whose root is at the level T,-T, of the 
spinal cord, is removed. A very small hole is made between the vertebra whose spine has been 
removed and that below. This is usually made during the removal of the spine while either flexing 
the neck a little more or lifting up the spine with forceps. The laminae of the same vertebra are 
then removed by nibbling on each side of the central hole. The opening is also enlarged upwards 
for 1 in. 

The pulsating dura is now seen. It is incised in the mid line for 1 in. and a double loop of fine 
non-glazed linen thread is passed intradurally by a hook round the cord, just above the middle of 
the exposed intradural space. This usually corresponds to the C,-T, level. The loops of the thread 
are then tied and the spinal cord is cut through. The tied ends are then lifted slightly and a small 
piece of oxidized cellulose gauze (Oxycel, Parke, Davis) is tucked in between to help in haemo- 
stasis. If the hook is passed gently round the cord, the bleeding is very slight. 

Artificial respiration, adjusted to 15—20/min, is always started just before the spinal cord is cut. 
The muscles are now sutured loosely, a piece of gauze wrung out of saline solution being used as 
a wick to drain from the area near the cut margins of the spinal cord, to indicate whether any 
active bleeding occurs during the period of recovery from spinalshock. The skin and the aponeurosis 
are sutured and the animal is then very gently turned on its back and covered with cotton blankets. 
The heating arrangements in the table are adjusted so that the rectal temperature of the animal 
remains at approximately 37-37-5° C. At the end of the experiment the level of the transection 
is checked. 

Low blood pressure in the stage of spinal shock is due to extensive vasodilatation in which both 
small and large vessels participate. It appears therefore that increasing the intravascular fluid 
volume is not the satisfactory and rational way to restore blood pressure. It has been the present 
author’s experience that the percentage fall of blood pressure following spinal transection has an 
important bearing on the degree of spinal shock. Usually cats have a high blood pressure for 
40-50 min following chloralose administration. If the spinal operation is performed during this 
period, the bleeding during dissection is more than 10 ml. and the blood pressure comes down to 
a very low level, 30-40 mm Hg, immediately following transection, The recovery from this 
hypotensive state is very slow. Even after 4 hr the blood pressure has not risen to more than 
60 mm Hg. If the spinal dissection is done 45-60 min after chloralose administration the 
bleeding is much less. The smaller the percentage fall in blood pressure the quicker is the recovery . 
Usually within 24-3 hr the blood pressure returns to 80-00 mm Hg and by the end of 4 hr to 
100-120 mm Hg. 

In the period between chloralose administration and spinal dissection the ureters, urethra and 
the bladder were exposed in preparation for their connexion with the apparatus for irrigation. 
The latter operation was carried out when the animal’s blood pressure had returned to the level 
of 90 mm Hg or more. A similar procedure was adopted for the exposure and preparation of the 
left kidney for plethysmography. The techniques used for these are the same as described pre- 
viously (Mukherjee, 1957). The femoral artery blood pressure was recorded by mercury mano- 
meter. In some experiments, the vagi were cut at the middle of the neck to observe the effect of 
denervation on the size of the arterial pulse as recorded by mercury manometer during the rise of 
blood pressure while the bladder was being distended. 

Damage to the bladder, shown by the presence of blood in the fluid on bladder emptying, 
hematoma in the bladder wall and haemorrhage in the bladder mucosa were more frequently 
observed in the present series than in similar experiments on the non-spinal cats, when the bladder 
is distended to 60-70 ml. of 0-9% (w/v) saline. Once such damage occurred, it was not possible 
to elicit a viscero-vascular reflex. 
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Fig. 1. Effect of bladder distension om Diced pressure. B.P., blood pressure; BL.P., bladder 
pressure; A before, B after bilateral vagotomy. Arrow below indicates when filling stopped; 
arrows above (in B) indicate drum was stopped for } min each time. Time, 5 sec. 


head of 65 mm Hg or more, and a high rate of distension (240-300 ml./min) 
is used (Fig. 1). Such responses are quickly abolished on repetition of the 
rn however high the pressure head or rapid the rate of distension 
(c) When the blood pressure is between 60 and 90 mm Hg, 20-30% rise in 
blood pressure is obtained on distending the urinary bladder ata pressure of { 
65 mm Hg, using a rate of 120-240 ml./min. Vasopressor responses can be 
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obtained by repeating the experiment but rapidly become very poor. Then, 
by increasing the pressure head or the rate of distension, brisk vasopressor 
responses can be elicited, but only for a brief period. 

(d) When the blood pressure returns to a level of 90 mm Hg or above, bladder 
distension produces a rise in blood pressure, which may be even as high as 
30-40 % above the control level (Fig. 2). Vasopressor responses can now be 
elicited by distending the bladder at a pressure of 65 mm Hg, using a rate 
of 60 ml./min, When the filling is discontinued and the bladder is kept 


Fig. 2. Effect of bladder distension on blood pressure. 38.P., blood pressure; BL.P., bladder pressure. 
ist arrow indicates when filling stopped; 2nd arrow indicates when emptying starts. Note: 
as intravesical pressure remained the same during the stage of distension, blood pressure 
was rising. 
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Fig. 3. Effect of bladder distension on renal volume; states of the bladder indicated at the top; 
+ indicates reduction in volume 


distended, the intravesical pressure may or may not remain the same as 
that in the filling stage. Ifit remains the same, the blood pressure continues 
to rise (Fig. 2). The rise in blood pressure is a continuous and progressive 
one (Fig. 2). In the vagotomized animal, the size of the arterial pulse as 
recorded by Hg manometer becomes smaller as the blood pressure rises. 
If the vagi are intact, the size of the pulse increases (Fig. 1). 
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Changes in renal circulation 

Definite evidence of renal vasoconstriction has been obtained in ten indi- 
vidual experiments, one of which is shown in Fig. 3. Both decrease in renal 
volume and diminution in the amplitude of renal pulse are obtained on 
distending the bladder, when the rise in blood pressure is also marked. 
When the vasopressor response is poor, renal vasoconstriction, though 
feeble, is distinctly seen. The renal vasoconstriction also becomes small when 
the experiments are repeated using the same head of pressure. As the rate of 
filling is increased renal vasoconstriction becomes more marked. 


DISCUSSION 

The present observations are interesting because in acute spinal preparations, 
when, after spinal shock, the blood pressure has returned to a level of 90 mm 
Hg or more, the vasomotor responses shown by the rise in blood pressure and 
increased renal vasoconstriction are similar to those observed in the non-spinal 
preparations following bilateral vagotomy and carotid sinus denervation 
(Mukherjee, 1957). 

When the blood pressure is between 60 and 90 mm Hg either a greater 
pressure or a quicker rate of distension of bladder has to be used to elicit 
satisfactorily these vasomotor responses. These findings suggest that in acute 
spinal preparations, in states of hypotension, the stimuli to be effective in 
producing viscero-vascular reflexes have to be more powerful than in non-spinal 
ones. Downman & McSwiney (1946-7) made similar observations in their 
experiments with acute spinal preparations. 

By his experiments on spinal animals Sherrington (1899) showed that the 
vascular tone can be altered by spinal reflexes and he also demonstrated, on 
the anaesthetized animal, that a rise of arterial blood pressure can result from 
stimulation of the viscera by distending the ureter or common bile duct. 
Downman & McSwiney (1946-7) have supplemented Sherrington’s observa- 
tions by showing similar vasomotor responses to intestinal stimulation in the 
spinal animal. 

The importance of such reflex viscero-vasomotor responses has only been 
realized lately. The insignificance of such reflexes was emphasized in the 
observations of Guttmann & Whitteridge (1947). ‘These results suggested that, 
as a result of bladder distension, a large-scale redistribution of blood was going 
on, and we therefore recorded the effects of bladder distension on blood pres- 
sure and pulse rate, as well as skin and body temperature, in the next cases.’ 
Cunningham e¢ al. (1953), in reporting their observations on the effect of 
bladder distension on the skin and muscle beds of the limbs of paraplegics 
(C,-T;), noted that the vasoconstriction in these beds could not account for 
the extent of the rise in blood pressure and suggested splanchnic vaso- 
constriction as a possible mechanism. 
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Evidence of renal vasoconstriction has been obtained in the present series. 
This is in agreement with the suggestion of the above authors. The additional 
evidence has been given here that the reflex vasomotor responses obtained are 
almost identical with those seen in non-spinal animals without buffer nerves. 
The level of the lesions in the present series varied from ©, to T,, higher than 
the highest level of splanchnic outflow from the spinal cord. Obviously, the 
baroreceptors in the arch of aorta and carotid sinus region and the buffer 
nerves connecting these with the suprasegmental vasomotor centre could not 
modify the spinal reflex vasopressor responses involving the splanchnic 
nerves (Fig. 3). This explains satisfactorily why Guttmann & Whitteridge 
(1947) found that the lower the spinal lesion the more restricted were the reflex 
vasomotor responses. When the vagi are intact the reflex cardiac slowing and 
increase in amplitude of the arterial pulse, due to increase in stroke volume, 
have been observed in the present investigations as in the series of Guttmann 
& Whitteridge (1947). 


Fig. 4. Effeet of bladder distension on blood pressure. 8.P., blood pressure ; BL.P., bladder pressure. 
Note: Initially, as the bladder is filled, a slight fall in s.r. and pulse gets smaller; as the filling 
is continued, B.P. rises and pulse becomes bigger. Time: sec. 


In only one experiment where the vagi were intact was there a decrease in 
the size of the arterial pulse and a slight reduction in blood pressure during the 
early part of the filling of the bladder. As the filling continued, blood pressure 
rose above the control level (by 20%), but the pulse became bigger in size than 
before filling. The pulse rate was increased during the period when blood 
pressure was low. It was reduced when the blood pressure rose (fig. 4). 

Though the present observations justify further investigation of the other 
components of the splanchnic vascular bed, it has not been found possible at 
the present because the difficulties encountered in studying circulation through 
the intra-abdominal organs are many. Any intra-abdominal manipulation 
causes deterioration of the animal and the blood pressure falls. Perhaps such 
difficulties can be overcome by using chronic spinal preparations. 
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SUMMARY 


1. The use of the cat as an acute spinal preparation, suitable for studying 
reflex vasomotor responses on bladder distension, has been described. 

2. Such reflex responses depend primarily on the state of recovery of the 
animal from spinal shock. 

_3. When the animal has recovered so that the blood pressure has returned 
to a level of 90 mm Hg or above, reflex vasopressor responses, similar to those 
obtained in non-spinal preparations without buffer nerves, can be elicited 
satisfactorily by distending the urinary bladder. 

4. Definite evidence of renal vasoconstriction is present when the bladder 
is distended. 

I am indebted to Professor D. Whitteridge, F.R.S., for his stimulating interest throughout this 
work. 
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EFFECT OF BLADDER DISTENSION ON ARTERIAL BLOOD 
PRESSURE AND RENAL CIRCULATION: ROLE OF 
SPLANCHNIC AND BUFFER NERVES 


By 8. R. MUKHERJEE* 
From the Department of Physiology, University of Edinburgh 
(Received 11 June 1957) 


Sherrington (1899) demonstrated that reflex vascular responses are obtained 
when certain hollow viscera, e.g. ureter, bile duct, are stretched. Guttmann & 
Whitteridge (1947) showed that the distension of the urinary bladder in 
paraplegics (C8-T 5) is always associated with a marked rise in blood pressure. 
Subsequently Cunningham, Guttmann, Whitteridge & Wyndham (1953) 
suggested that splanchnic vasoconstriction is the likely mechanism. 

Experimental investigations have therefore been undertaken to elucidate 
this problem. The splanchnic nerves (sympathetic) carry no afferent fibres 
from the urinary bladder in cats (Gillian, 1954). Watkins (1938) has shown 
that the distension of the urinary bladder in cats causes a rise in blood pres- 
sure. The problem has therefore been investigated by studying the changes in 
blood pressure with bladder distension in cats, both before and after bilateral 
splanchnicotomy. 

Preliminary investigations showed that the blood pressure rises very little, 
with distension of the bladder, when the vagi and the carotid sinus nerves are 
intact, but after bilateral vagotomy and carotid sinus denervation the blood 
pressure always rises considerably higher. Bilateral splanchnicotomy almost 
completely abolishes these pressure responses. The role of these buffer nerves 
in the homoeostasis of blood pressure is well recognized. But their distinctive 
role in influencing viscerovascular reflexes has not been demonstrated pre- 
viously. The recognition of this influence may help in explaining (a) why the 
peripheral circulation is easily upset in spinal conditions, particularly when the 
lesions are lower cervical or higher thoracic, and (6) why the reflex viscero- 
vascular responses are less evident normally. A detailed investigation has 
been made into this problem. 

The splanchnic nerves supply a large vascular bed, and it is not possible to 
- measure the blood flow or study the circulatory changes in the splanchnic 
* Present address: Department of Physiology, Science College, University of Calcutta. 
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vascular bed as a whole by any single technique. As the different components 
of this bed may not show identical changes, experiments have been designed to 
investigate these separately. The effect of the bladder distension on the renal 
circulation has been studied in detail, both before and after bilateral vago- 
tomy and carotid sinus denervation and after bilateral splanchnicotomy as 
well. 

The purpose of this paper is to report the role of the splanchnics and these 
buffer nerves in modifying these reflex vasomotor responses (changes in blood 
pressure and renal circulation) with bladder distension, in chloralosed cats. 
Other factors causing variations in the results obtained will also be discussed. 


METHODS 


Female cats varying in body weight (2-3-5 kg) were used. Anaesthesia was induced by ethyl 
chloride and ether and was maintained by an intravenous injection of a freshly prepared solution 
of chloralose (1% in 0-9% (w/v) saline). Chloralose was used in the dosage of 80 mg/kg body wt. 
A three-way T-tube was immediately put into the trachea. Throughout the experiment the animal's 
rectal temperature was kept at about 37° C. 

Exposure and preparation of bladder, ureter and urethra. The bladder was exposed through a lower 
mid-line abdominal incision. Blood vessels and nerves sweep over to the bladder wall along the 
terminal part of each ureter. The ureters were therefore tied always 1 in. above their termination. 
Two double ligatures were used between which the ureters were cut. The proximal stumps were 
cannulated. The thin serous membrane connecting bladder to anterior abdominal wall was then 
cut between the ligatures. The urethra, gently cleared of periurethral tissue, was opened near the 
bladder neck and a polythene tube, which had a terminal opening and one adjacent lateral opening, 
was inserted into the bladder. 

The polythene cannula was connected to a T-tube which was again connected by a Y-tube to 
an overhead reservoir containing freshly prepared 0-9 % (w/v) NaCl solution. The side arm of the 
T-tube was connected to a mercury manometer for recording the intravesical pressure. The other 
end of the Y-tube was used for emptying the bladder. NaCl solution 0-9 (w/v), varying from 
36° to 37° C, was used to fill the bladder. The pressure bottle was such that changes of 100 ml. 
in its capacity altered the height of the fluid column by 20 mm only. 

Usually the filling rate for bladder distension was adjusted to 60 ml./min. Sometimes the rate 
was increased to 90-120 ml./min. This reservoir was adjusted at different heights so that the 
pressure at which the bladder was filled varied usually from 45 to 60 mm Hg and the intravesical 
pressure slowly approximated to the hydrostatic pressure applied. The right femoral artery was 
cannulated and connected to the same mercury manometer. 

Vagotomy, carotid sinus denervation and exposure of splanchnic nerve. Particular care was taken 
to free the common carotid artery and its branches near its division from all the periadventitial 
tissue. The ascending pharyngeal branch has recently been shown by Daniel, Dawes & Prichard 
(1953) to represent the extracranial part of the internal carotid artery. In every experiment 
reported in this paper the parts of both the ascending pharyngeal and occipital branches lying 
in the space between the common carotid artery bifurcation and the base of the skull was carefully 
denervated. The proximal half inch of the external carotid artery and the common carotid artery 
were also denervated. By careful disseetion'the-vagus-was completely separated from other tissues 
in the region of the superior cervical ganglion and thus the carotid sinus was completely freed of 
any nerve connexion. Fi the vagus was cut at a level usually below the larynx. After an 
interval of 15-20 min th procedure was carried out on the other side. Each splanchnic 
nerve was exposed extraperitoneally, and at the end of each experiment, division of the splanchnic 
nerve was verified by dissection. 
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Plethysmography of the kidney. The plethysmograph used is an ‘Easter egg cosy’. This is an 
ordinary plastic container made in two parts (leaves), which can be obtained in various sizes. 
A side hole is bored through one leaf, usually near the end, and a small hard Perspex tube is 
permanently fixed into it. The Perspex tube is 2-5 om long and 0-5 cm wide with a bore of 2 mm. 
The tube is fixed to the leaf in such 4 way that it projects 3-5 mm within the plethyamograph. A 
few drops of chloroform round the margin of the opening in the leaf keep the Perspex tube fixed 
to the leaf. At the middle of one side of the plethysmograph a hole 6-8 mm in diameter is made. 
The capacity of the plethysmograph used in the present series is between 55 and 57 ml. 

The left kidney, exposed extraperitoneally, is placed in the plethysmograph and petroleum 
jelly is smeared at the junction of the leaves. The perihilar fat of the kidney acts as a cushion to 
make the hole in the plethysmograph air-tight and no further sealing has been found necessary. 
The renal pulse volume and the changes in the renal vascular capacity were recorded optically by 
the use of a membrane manometer. The plethysmograph was connected to this manometer by a 
hard plastic tube. The sensitivity of the membrane is-such that 0-1 mt: added air displaces the 
beam 3-4 cm at the camera, this displacement being within the linear range of the membrane. 


RESULTS 
For the sake of convenience, the results can be grouped under three heads: 
(A) before vagotomy and carotid sinus denervation; (B) after bilateral vago- 
tomy and carotid sinus denervation; (C) after bilateral splanchnicotomy. 


Changes in arterial blood pressure 
A. Response before vagotomy and carotid sinus denervation. When the bladder 
was distended there was usually a very small rise in the blood pressure; some- 
times there was no change. The results of eight individual experiments are 


shown in Table 1. 


TaBLE 1, Relation between intravesical pressure and rise in arterial blood pressure before vago- 
tomy and carotid sinus denervation in eight experiments. The intravesical volume in these 
experiments varied between 50 and 55 ml. 


Intravesical 
pressure at Arterial blood pressure (mm Hg) 
the end of r A - 
Before At the end Percentage 
. Expt. (mm Hg) filling of filling rise in BP. 
l 34 123 . 123 0 
2 38 126 131 4 
3 40 114 116 l 
4 45 114 120 5 
5 58 126 140 ll 
6 60 123 135 12 
7 62 135 149 10 
8 (a) 62 117 117 0 
(bd) 66 117 122 4 
(c) 67 107 112 4 


It is evident from Table 1 that even when the intravesical pressure was as 
high as 65-67 mm Hg, the rise in the blood pressure was never more than 
10-12% above the control level. The rise in blood pressure commenced after a 
lag varying between 2 and 40 sec and occurred only during the filling of the 
ie When the filling was stopped and the bladder was kept distended, the 
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blood pressure remained at a level which varied with the intravesical pressure. 
If the latter remained the same as that at the end of the filling stage, blood 
pressure remained steady at the high level. The rise in blood pressure was 
always a fluctuating one (Fig. 1), and in some instances these fluctuations were 
pronounced and regular in frequency (Fig. 2). When the bladder was emptied 
the blood pressure quickly returned to its original level. 

In the same animal, when the bladder was filled at constant rate to the 
maximal volumes it would accept at different pressures or when the rate of 


Fig. 1. Effect of bladder distension on blood pressure (vagi and carotid sinus nerves intact). 
B.P., blood pressure; BL.P. bladder pressure. Arrow indicates time filling stopped. Time, sec. 


Fig. 2. Effect of bladder distension on blood pressure (vagi and carotid sinus nerves intact). 
B.P., blood pressure; BL.P., bladder pressure. Arrow indicates time filling stopped. Time, sec. 
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filling varied from 60 to 120 ml./min while the pressure was kept constant, 
the extent of the rise in blood pressure was usually related to the degree of 
distension of the bladder. But it was also observed that even when the intra- 
vesical pressure was as high as 62 mm Hg vasopressor responses were some- 
times absent (Table 1, Exp. 8). When the filling of the bladder was repeated at 
intervals, with emptying and periods of rest of 5-10 min intervening, the 
vasomotor responses remained the same, as judged by the percentage rise in 
blood pressure (Table 4). 

B. Response after bilateral vagotomy and carotid sinus denervation. As 
before, the rise in blood pressure under two conditions was observed, namely, 
when the bladder was distended at different pressure, but with the filling 
rate remaining constant, and when the rate of filling varied from 60 to 120 ml./ 
min with a constant head of pressure. When the bladder was distended there 
was always a rise in blood pressure. The results of six individual experiments 
are shown in Table 2. The rise in blood pressure in each experiment was 
much higher than in any in Table 4. The intravesical volumes in the two 
groups of experiments are the same. 


TaBLEe 2. Relation between intravesical pressure and rise in arterial blood pressure after bilateral 
vagotomy and carotid sinus denervation, in six experiments. The intravesical volume in these 
experiments varied between 50 and 55 ml. 


pressure at Arterial blood pressure (mm Hg) 
the end of r A ~ 
ony Be Before At the end Percentage 
Expt. (mm filling of filling rise in B.P. 
1(a) 35 114 134 18 
(b) 40 116 136 18 
(c) 52 118 141 20 
2 45 135 155 15 
3 60 120 180 50 
4 60 118 180 52 
5 65 128 198 55 
6 65 115 160 40 


The differences in the percentage rise of blood pressure in five individual 
experiments on filling the bladder before and after bilateral vagotomy and 
carotid sinus denervation in the same animal are shown in Table 3. These 
results clearly show that when the vagi were cut and the carotid sinuses 
denervated, the blood pressure rise was greater than when the nerves were 
intact. 

The percentage rise in blood pressure was dependent on the original level. 
When the original pressure was low (100-130 mm Hg), the percentage rise 
was always higher than that obtained when the original level was already 
high, 150 mm or above (Table 3, Expts. 1 and 2), Although the vasopressor 
response in an animal with a basal level of blood pressure of 135 mm Hg or 
above was small, nevertheless, when observed before and after bilateral 
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vagotomy and carotid sinus denervation, it was still sufficient to show the 
moderating effect of the buffer nerves. Such high basal blood pressures occur 
for about 45-50 min following chloralose injection and for 90-120 min 
following bilateral vagotomy and carotid sinus denervation. 

As in the experiments with intact nerves, the rise in blood pressure com- 
menced after a lag of 240 sec, but the pattern of rise was now a continuous 
slope. 


Tas_e 3. Relation between intravesical pressure and rise in arterial blood pressure (when the 
intravesical volumes are comparable) in five individual experiments: A, before and B, 
after bilateral vagotomy and carotid sinus denervation 


Intravesical 
pressure at Arterial blood pressure (mm Hg) 
the end of es ‘ 
Before At the end Percentage 
Expt. ) filling of filling rise in B.P. 
1A 137 149 9 
B 58 153 185 20 
2A 60 107 117 10 
B 60 155 186 20 
3A 60 130 140 7 
B 60 130 201 OF 
4A 65 134 148 10 
B 65 130 172 33 
5A 66 117 123 5 
B 66 128 200 57 


Fig. 3. Effect of bladder distension on blood pressure after bilateral vagotomy and carotid sinus 


denervation. B.P., blood pressure; bladder pressure. 
stopped. Time, sec. (Cf. Fig. 2, same animal.) 
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Blood pressure rose continuously during the filling phase. When the filling 
was stopped and the bladder was kept distended, the intravesical pressure 
varied: if the latter was the same as that during filling, blood pressure con- 
tinued to rise; if the intravesical pressure fell below the filling level, blood 
pressure became steady or came down slightly. When the emptying of the 
bladder commenced the blood pressure started falling. It did not always 
reach the original level immediately the bladder was empty, but fell to this 
level or lower in 2-5 min: Increased rate of filling the bladder also provoked 
more powerful vasomotor responses. When the bladder was filled and 
emptied a number of times at intervals of 5-10 min, the level of blood pressure 
following emptying gradually became lower and lower. Also the vasomotor 
responses became gradually smaller (Table 4, series B). : 


TaBLE 4, Relation of intravesical pressure to rise in arterial blood pressure 
(at comparable intravesical volumes) in the same animal 


Intravesical 

pressure at Arterial blood pressure (mm Hg) 

the end of 
om Before At the end Percentage 

Expt. (mm Hg) filling of filling rise in B.P. 
A, before vagotomy and carotid sinus denervation 
1 50 120 132 10 
2 52 119 133 ll 
3 56 118 127 8 
4 25 121 132 9 
5 25 122 133 9 
6 25 121 134 10 
B, after bilateral vagotomy and carotid sinus denervation 

1 45 134 170 27 
2 45 130 158 22 
3 48 108 142 31 
4 25 102 122 20 
5 25 107 122 15 
6 25 107 122 15 


There is greater rise in arterial blood pressure in B than in A. The interrelationship of intra- 
vesical tension and vasopressor response is evident in B: the basal level of blood pressure gradually 
comes down in B with repeated distension but not so in A; on repetition, vasopressor response in 
B gradually becomes smaller. 


_ In preliminary experiments it was observed that, when the bladder was 
filled very quickly (180 ml. or more/min.) or filled with a high pressure head 
(80 mm Hg or higher), the reflex vasopressor responses present before became 
very poor or were abolished. The returning fluid from the bladder on emptying 
was tinged red and on examination, haematomas were found in the bladder 
wall and multiple punctate haemorrhagic points in the bladder mucosa. 

C. Responses after bilateral splanchnicotomy. Bladder distension did not 
produce any change in blood pressure. In the same animal where blood pres- 
sure rose with the distension of the bladder, bilateral splanchnicotomy 


" . 
4 
a q 
é » 
ha 
4] 
‘ 
4 
f 
4 
i 


314 S. R. MUKHERJEE 


abolished this response (Fig. 4). When the experiments which have been 
described were repeated with the bladder outside the abdomen, the same 
results were obtained (Fig. 5). 


Fig. 4. Effect of bladder distension on blood pressure (in the same animal): a, after bilateral 
vagotomy and carotid sinus denervation (cf. Fig. 1, same animal); 5, after bilateral splanch- 
nicotomy. Arrows indicate when filling stopped. Time, sec. 


Changes in renal circulation 

A. Before vagotomy and carotid sinus denervation. During the filling of the 
bladder slight evidence of renal vasoconstriction was seen in five experiments 
only out of fifteen. In each of the five, after a lag varying from 2 to 20 sec, a 
reduction in the renal volume was seen and small intermittent variations in the 
volume were repeated during the filling phases (Fig. 6a). Reduction in the 
renal pulse volume was never observed. While the bladder was distended, but 
not further filled, the kidney response was similar to that during filling. 
Following emptying of the bladder the picture returned to the prefilling pattern 


immediately. In the other ten experiments there was no evidence of changes 
in kidney volume or pulse. ) 
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Vig. 5. Effect of bladder distension on blood pressure after bilateral vagotomy and carotid sinus 
denervation. Bladder was kept outside the abdomen while it was distended. (Cf. Fig. 3, 


same animal.) 
Sec 
Fe F- E+ 

d j 

+ F- E+ 


F+ F- 


Fig. 6. Effect of bladder distension on renal volume and pulse. }, indicates reduction in renal 
volume. F +, filling starts; F —, filling stops; E+, emptying starts. Records a, b, c, d are 
experiments with the same animal, a, before, and b, c, d, after bilateral vagotomy and carotid 
sinus denervation. Records ¢, f and g are from three separate preparations after bilateral 
vagotomy and carotid sinus denervation. The preparation was given artificial respiration 
while record g was taken. Time, sec. 


. 
> 
f q 
| ’ 
4 
< 
% 
e | 
F+ E+ 
i 
Sec + Fr. E+ 
| 


316 S. R. MUKHERJEE 

B. After bilateral vagotomy and carotid sinus denervation. Diminution in 
renal volume and reduction in size of the renal pulse were observed immediately 
after the vagi were cut and the carotid sinuses denervated, and the blood 
pressure of the animal rose sharply (Fig. 7). Such evidence of renal vaso- 
constriction was obtained even when the animal was ventilated by the pum) 
throughout the experiment (Fig. 8). 


Time (sec) 


Before 

Fig. 7. Effect of vagotomy and carotid sinus denervation on blood pressure, renal volume and 


pulse (animal breathed spontaneously). }, reduction in volume. Respirations became slow 
when vagi were cut and carotid sinuses denervated. 


Fig. 8. Changes in renal volume and pulse before and after bilateral vagotomy and carotid sinus 
denervation. The respiratory rate of the animal was the same throughout the experiment, 
the animal being ventilated by the pump. 7, indicates reduction in volume. Time, sec. 


For a period of 14-2 hr and sometimes for even 3-4 hr after this, bladder 
distension failed to produce any mar‘ec. change in the renal vascular bed. 
If there was any change, it was always suggestive of renal vasoconstriction 
(Figs. 66, c,d), more marked than it was when the buffer nerves were intact. 
There was no evidence of intermittent variations in the renal volume during 
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the filling of the bladder. Gradually the renal pulse became bigger in size and 
normal renal volume was restored. The blood pressure of the animal also came 


down during this’ period to a lower level but still above that when the buffer 
nerves were intact. — 


The effects of the bladder distension on the renal vascular bed were now 
more evident as is described below. 


Kidney) 


Fig. 9. Effect of bladder distension on renal and paw volumes before and after bilateral vagotomy 
and carotid sinus denervation. +, reduction in volume. F +, bladder filling commenced; 
F -, filling discontinued. There is little reduction in renal volume and a quick return to 
normal when buffer nerves are intact and a progressive reduction in renal volume without 
any tendency to return to normal when buffer nerves are severed (see Fig. 6a, 6, c, d). There 
is no change in paw volume during the filling of the bladder. 


During the filling phase. In fifteen individual animals definite evidence of 
renal vasoconstriction was obtained in each instance. Within 2—20 sec from 
the beginning of filling changes in the renal volume were observed. There was 
always a progressive and continuous reduction in the volume as the bladder 
was filled. In most of these experiments the renal pulse also became smaller as 
the bladder was distended (Figs. 6e, f; 11a, 6, c). 

During the distension phase there was no further reduction in volume and 
pulse. On the other hand, the tracings obtained indicated that there was a 
tendency for the renal volume to be restored to that in the prefilling stage, 
but this restoration alternated with the vasoconstriction obtained during the 
filling phase. 

Following emptying. As the bladder was emptied, renal vascular volume 
was restored and sometimes even an increase in volume was evident. The renal 
_ pulse did not always return immediately to its original amplitude. Fig. 9 
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shows, in the same animal, the differences in the extent of the renal vaso- 
constriction during bladder distension, before and after bilateral vagotomy 
and carotid sinus denervation. The rate of filling the bladder in these experi- 
ments was 60 ml./min and the pressure head used in distending the bladder 
was 65 mm Hg. 

In animals without buffer nerves, it was observed (a) the vasoconstriction 
responses became poor if the bladder were repeatedly distended at frequent 


Fig. 10. Effect of bladder distension on renal volume and pulse after bilateral vagotomy and 
carotid sinus denervation. +, reduction in volume, F +, filling starts; F —, filling stops; 
E+, emptying starte. Upper tracing shows reduction in renal volume and pulse while the 
bladder was filled. Lower tracing shows the same at the earlier part of the filling phase. At 
the later part of the filling phase the renal pulse is smaller still but the renal volume is 


i 


returning to normal. 
After bilateral vagotomy and carotid sinus denervation 
2a early 2b late 
A 1 empty Daring filling 3 distended 4 emptying 


Fig. 11. on changes In sonal pulls pan volume 
(on repetition in the same animal). { -? increase in volume for kidney; qi increase in volume 
for paw. State of the bladder is shown at the top. (—), signal indicates the beginning of the 


a A, B, filling rate 60 ml./min; ©, filling rate 120 ml./min. Pressure 65 mm Hg; 
sec. 


volume 
the filli 
outside 


| 
4 | interval 
| | the ra 
greased 
was no 
4 ,  obtaine 
carotid 
splanct 
observe 
tensio 
Fig. 12. 
thesia 
: 1 2a 2b 3a 3b 4 | could 
4 45-50 
aon 2a 2a 2b 3 4 Dis 
the p 
te ges in Ws 
the le 
highe 
It 
filled 
lowe 


VASCULAR RESPONSES TO BLADDER DISTENSION 319 


intervals of 1-5 min (Fig. 11 A, B); (b) such responses became more marked if 
the rate of inflow were increased from 60 to 120 ml./min or the pressure in- 
creased (Fig. 110); (c) as the responses became poor, the tendency for renal 
volume to return to normal became marked even during the terminal part of 
the filling phase (Fig. 114, B), When the bladder was distended keeping it 
outside the abdomen, this tendency for the renal volume to return to normal 
was not observed. 

C. After bilateral splanchnicotomy no evidence of renal vasoconstriction was 
obtained. In the same animal the renal vasoconstriction which had been 
observed on the distension of the bladder following bilateral vagotomy and 
carotid sinus denervation, was abolished immediately following bilateral 
splanchnicotomy. Occasionally, however, an increase in renal volume was 
observed during the terminal stages of the filling of the bladder and the dis- 
tension phase (Fig. 13). 


F+ F-. E+ 
Fig. 12. Effect of bladder distension on renal volume and pulse after bilateral splanchnicotomy. 
4, reduction in volume; F +, filling starts; F —, filling stopped; E+ emptying starts. 


DISCUSSION | 
Effect of anaesthesia 

The present finding confirms the views of Rosenblueth & Schwartz (1935) and 
Watkins (1938) that with the dosage used in these investigations reflex vaso- 
motor responses can be elicited satisfactorily in cats under chloralose anaes- 
thesia. It may be that Downman, Goggio, McSwiney & Young (1943-4) 
could not elicit reflex vasomotor responses satisfactorily in cats under chlora- 
lose because the basal level of blood pressure was very high, as is usual for 
45-50 min following chloralose injection. 


Effect of the increase in intravesical pressure and volume on blood pressure 


Distension of the bladder causes a rise in blood pressure. This confirms the 
similar observations of Watkins (1938). The duration of the lag observed in 
the present series (2-40 sec) is not in agreement with that (2-5 sec) reported 
in Watkins’s series. The difference may probably be due to the fact that in 
the latter’s experiments the bladder was distended at a quicker rate and at a 
higher pressure head, 

It is of interest to decide what is the change in the bladder when it is 
filled, that gives rise to the vasomotor reflex. When the bladder is filled at a 
lower pressure (30-40 mm Hg) the reflex rise in arterial blood pressure is small, 
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both before and after vagotomy and carotid sinus denervation. As the bladder 
is further ‘distended by raising the pressure, the arterial blood pressure re- 
sponse becames more marked, particularly after vagotomy and carotid sinus 
denervation. After vagotomy and denervation of the carotid sinuses a fast 
rate of filling provokes a more powerful vasomotor response than does a slow 
rate, but it is not alone the active stretching of the bladder wall that excites 
the reflex, for when the bladder is filled and is left at constant volume the re- 
flex remains active: the blood pressure is maintained and may even continue 
to rise provided the intravesical pressure does not fall. If the intravesical 
pressure falls the arterial blood pressure may remain steady or may fall 
slightly. It would seem probable that the vasomotor reflex response may result 
from either (i) the intravesical pressure, or (ii) the increased volume of the 
bladder. 


Part of the results of the present experiments, together with those of — 


- Watkins (1938) on the non-spinal cat and those of Guttmann & Whitteridge 
(1947) on chronic spinal men, shows a relation between the height of the in- 
travesical pressure and the extent of the rise in the arterial blood pressure. It 
has been observed, however, in the present experiments that when bladder 
filling is continued at constant intravesical pressure, the arterial blood pres- 
sure rises progressively. For this reason it seems probable that the tension in 
the bladder wall rather than the absolute intravesical pressure is the effective 
stimulus for a rise in arterial blood pressure. 

The relation between the intravesical volume and the reflex rise in blood 
pressure can be explained by Laplace’s Law, which states that P=27/R for 
a sphere, and P=7'/R for a cylinder, where P is the internal pressure over the 
external one, 7' is the tangential tension in the wall and R is the radius. As 
the bladder is filled the radius increases and if P remains constant, 7' will 
vary with R. That is to say, at the same intravesical pressure the fuller the 
bladder, the greater is the tension in its wall. Schumacher & Guthrie (1951) 
have also found in paraplegics that an increase in bladder volume leads to 
further increase in the reflex effects, though the intravesical pressure does not 
increase or even sometimes diminishes. 


Effects of bilateral vagotomy and carotid sinus denervation 
and bilateral splanchnicotomy 


Important and interesting observations in the present series have been as _ 


follows: (i) The rise in blood pressure on bladder distension is always more 
marked following bilateral vagotomy and carotid sinus denervation and (ii) such 
reflex vasopressor responses are abolished following bilateral splanchnicotomy. 
Splanchnic vasoconstriction is therefore the main cause of the rise of blood 
pressure that occurs with the distension of bladder in chloralosed cats. Even 
if any other peripheral vascular bed takes part simultaneously in the increase 
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of peripheral resistance, its contribution is not of any marked significance in 
cats. 

The rise of blood pressure is never marked when the vagi and carotid sinus 
nerves are intact. The possible explanation is the buffer action through the 
agency of the carotid sinus and aortic baroreceptors. Therefore the response 
shown in the rise of blood pressure remains poor. The interrupted pattern of the 
rise of blood pressure, when these buffer nerves are intact, fits in with this 
explanation. An alternative to this explanation is that the effects of splanch- 
nic vasoconstriction may be counteracted by simultaneous compensatory 
vasodilatation in other peripheral vascular beds. 

The experimental observations of Lindgren & Uvnas (1953) support the 
present postulate that the buffer nerves are responsible for modifying the 
pressor responses by controlling directly the excitatory tone of the medullary 
vasomotor centre and through it the tone of the spinal centres concerned with 
the splanchnic outflow. When the vagi are cut and the carotid sinuses de- 
nervated, the rise of blood pressure is not only greater but less interrupted than 
that when buffer nerves are intact. On the basis of this interpretation, it is 
possible to explain why Downman & McSwiney (1946~7) could not elicit 
viscerovascular reflexes satisfactorily in the non-spinal preparations with 
buffer nerves intact. Sherrington (1899) showed that the vascular tone in the 
spinal animal can be altered by spinal reflexes and he demonstrated, on the 
anaesthetized animal, that a rise of arterial blood pressure can result from 
stimulation of the viscera by distending the ureter or common bile duct. 
Downman & McSwiney (1946-7) remarked from their experimental observa- 
tions that viscerovascular reflexes could be satisfactorily demonstrated in the 
spinal preparations only. These findings are in agreement with the present 
interpretation, which explains also why Guttmann & Whitteridge (1947) found 
that the rise in blood pressure with bladder distension was always much more 
marked in the paraplegics with high lesions (C8-T5) than in those with lower 
lesions (T 6—T 10), because with higher lesions the effect of buffer nerves annulling 
the reflex vasopressor responses was much less. 

Robertson & Wolff (1950) could not demonstrate any appreciable rise in 
blood pressure with distension of the rectum in normal healthy individuals. 
But Pollock & Finkelman (1954) have shown recently that in paraplegics 
(cervical lesions) there is always a marked rise in blood pressure after the 
administration of an enema. It may also be explained now why in non- 
spinal preparations, where buffer nerves are intact, blood pressure changes are 
never so marked as they are in paraplegics. This is why the clinicians have 
found @ poor rise in blood pressure in patients suffering from ‘Dumping 
Syndrome’. 

Izquierdo (1930): stimulated the peripheral ends of the splanchnic nerves in 
anaesthetized rabbits, cats, dogs and hares, with a constant faradic current 
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under similar conditions, first with two sets of aortic and carotid sinus nerves 
intact and then with these nerves partially or totally eliminated. He observed 
that, when the aortic and carotid sinus nerves are eliminated, the rise in blood 
pressure is always much more marked. Comparing the effects observed after 
elimination of either both aortic nerves or both carotid sinus nerves alone, 
he found that the carotid sinus nerves exert the more important inhibiting 
effect upon the height of the blood-pressure rise. The present findings supple- 
ment Izquierdo’s observations. 


Effect of bladder distension on respiration 
When the buffer nerves are intact, there is no change in the respiratory 
rhythm or rate when the bladder is distended. Following bilateral vagotomy 
and carotid sinus denervation, the respiration of the animals becomes slow. 
As the bladder is filled, some disturbances in respiration, e.g. quickening of 
the rate and irregular rhythms, have occasionally been observed. The mechan- 
ism of such changes has not yet been investigated. 


Fig. 13. Effect of bladder distension on blood pressure after bilateral vagotomy and carotid sinus 
denervation. B.P., blood pressure; BL.P., bladder pressure. Arrow indicates when filling stopped. 
Time, 5 sec. As the bladder stretched, ‘Traube-Hering’ patterns of circulatory undulations 
became evident. When filling of the bladder was discontinued, intravesical pressure remained 


the same as during filling, and these undulations continued: they disappeared only when the 
bladder was emptied. 


Undulations in blood-pressure patterns with bladder distension 

The rhythmical fluctuations in blood pressure which sometimes occurred 
when the buffer nerves were intact did not occur after bilateral vagotomy 
and carotid sinus denervation. In only two of the experiments after cutting 
the nerves did short-lasting waves, recognized as Traube-Hering patterns, 
appear during the distension phase. These disappeared as the bladder emptied. 
These were observed in animals where the basal level of blood pressure was 
very high (Fig. 13). Interpretation of such findings in the present experiments 
is difficult because there is no definite evidence as to whether the fluctuations 


were a 
motor 
occurre 
q | The 
70-71 
4 8 and 
the vo 
memb1 
blood 
volum 
tions, 
7 bilate 
= vasocc 
| the p 
q dister 
cava, 
compt 
q press 
chang 
is key 
volun 
found 
|... 
inferi 
Th 
when 
facto 
this 
neve 
are 
q reflex 
q purp 
3 for 
has 


VASCULAR RESPONSES TO BLADDER DISTENSION 323 


were due to disturbances in the vasomotor centre alone or in both the vaso- 
motor and respiratory centres. But it is of interest that the fluctuations never 
occurred in animals with bladder distension when the basal level of blood 
pressure was low (100-130 mm Hg). 


Effect of bladder distension on renal circulation 

The dead space occupied by the plethysmograph and the tube amounts to 
70-71 ml. The volume of the kidney varied from animal to animal between 
8 and 12 ml. Therefore the changes in dead space caused by the diminution in 
the volume of the kidney could not mechanically affect the sennitivity of the 
membrane to cause changes in the size of the pulse. For the reason that the 
blood pressure rises when the bladder is distended, the diminution in the renal 
volume and reduction in the size of the pulse, as seen in the present investiga- 
tions, are not passive responses but are due to active vasoconstriction. That 
bilateral splanchnicotomy abolishes these responses proves that a renal 
vasoconstriction is a reflex response to the distension of the bladder. 

Fluctuations in the renal volume, as shown by its tendency to return to 
the prefilling level during the terminal stages of the filling phase or during the 
distension phase, may be due to either (i) mechanical disturbances such as 
(a) pressure of the full bladder on a renal vein directly or on the inferior vena 
cava, (6) increased intra-abdominal pressure, resulting from distended bladder, 
compressing the inferior vena cava or renal vein; or (ii) reflex neurogenic 
disturbances such as (a) increased intrarenal tension due to rise in blood 
pressure as shown by Swan, Moore & Montgomery (1952), (b) respiratory 
changes, (c) efferent arteriolar constriction. The influence of mechanical factors 
is a possibility because (a) these fluctuations become more prominent when 
vasoconstrictor responses become smaller and are not seen when the bladder 
is kept outside the abdomen while being distended, (6) increases in kidney 
volume are seen even following bilateral splanchicotomy. Linzell (1950) 
found that spontaneous volume changes in the mammary gland were due to 
mechanical disturbances caused by the distended bladder pressing on the 
inferior vena cava. 

The increase in renal volume observed when the bladder is emptied or 
when emptying starts cannot be explained on the basis of the mechanical 
factors. As stated before, the amplitude of the renal pulse is still smaller at 
this stage than that in the prefilling stage. Moreover, such increases are 
never seen following bilateral splanchnicotomy. Whether such increases 
are due to delayed effects of small amounts of adrenaline in the circulation or 
reflex efferent arteriolar constriction has to be investigated. Whether the 
purpose of such a mechanism is to build up sufficient intraglomerular pressure 
for filtration is an interesting problem. Urine flow — these experiments 
has not been measured. 
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Following unilateral (left) splanchnicotomy, the bladder distension still 
produces a rise in blood pressure, and the increase in the volume of the left 
kidney in such experiments is a passive one as a result of the rise in blood 
pressure. It should not be confused with the present observations. Following 
bilateral vagotomy and carotid sinus denervation the respiration of the 
animal is slow and, as the bladder is filled, there is a disturbance in respiration, 
as discussed previously. For this reason in a small number of experiments 
the animals were artificially ventilated at the same rate as the spontaneous 
breathing before vagotomy and carotid sinus denervation. When the bladder 
was distended, the same changes were seen as described before in animals 
following division of the buffer nerves (Fig. 69). This does not, however, 
exclude the possibility that respiratory fluctuations normally seen in these 
experiments can modify the findings. But certainly respiratory fluctuations 
are not responsible for the active renal vasoconstriction that occurs reflexly 
in the renal vascular bed following bladder distension. 

The extent to which the renal blood flow is diminished as a result of bladder 
distension cannot be stated, as no quantitative measurement has been made. 
The small rise in blood pressure, the fluctuating pattern of the rise and the 
presence of slight renal vasoconstriction with bladder distension when the 
buffer nerves are intact, prove that there is no appreciable increase in the 
splanchnic vaso-excitatory tone, which is however greatly increased reflexly 
when the buffer nerves are cut. All these reflex vascular responses are abolished 
almost completely following bilateral splanchnicotomy. - 


SUMMARY 


1. When the urinary bladder is distended in chloralosed cats arterial blood 

rises. 

2. When the buffer nerves (vagi and carotid sinus nerves) are intact, the 
rise in blood pressure is small and the pattern of rise is an interrupted one. 
In the absence of these buffer nerves the rise in blood pressure is considerably 
higher and the pattern is much less interrupted. 

3. The rise in blood pressure is influenced by intravesical tension, intra- 
vesical volume and rate of distension and it is probable that the effective 
stimulus is the tension to which the bladder wall is subjected. 

4. Distension of the urinary bladder reflexly causes renal vasoconstriction. 

5. The renal vasoconstriction is more marked following bilateral vagotomy 
and carotid sinus denervation. 

6. Bilateral splanchnicotomy abolishes these reflex vascular responses. 

7. The role of the buffer nerves in modifying the viscerovascular reflexes 


with regard to the rise in blood pressure and splanchnic vasomotor tone has 
been discussed. 
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8. Other factors influencing the extent of rise in blood pressure are high 
basal blood pressure, and injury to the bladder with local haemorrhage. 


I wish to acknowledge my indebtedness to Professor D. Whitteridge, F.R.S., for his stimul- 
ating interest and helpful criticism throughout this work. 
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THE REMOVAL OF “C-LABELLED CHYLOMICRON FAT 
FROM THE CIRCULATION IN RATS 


By J. E. FRENCH anp BEDE MORRIS* 
From the Sir William Dunn School of Pathology, University of Oxford 


(Received 25 May 1957) 


During the absorption of a fatty meal the triglycerides of the long chain fatty 
acids are carried to the blood stream by the lymph in the form of emulsified 
droplets, the chylomicrons. It has been shown experimentally, by injection 
of homologous chyle into the circulation, that this chylomicron fat leaves the 
blood stream rapidly (Marble, Field, Drinker & Smith, 1934; Little, Harrison 
& Blalock, 1942; Morris, 1954; Havel & Fredrickson, 1956). The mechanisms 
concerned in this process are poorly understood and, in particular, it is un- 
certain whether the chylomicrons are removed as intact particles, or are first 
broken down in the blood stream with the release of the fat in a more readily 
diffusible form. 

When the plasma of animals given an intravenous injection of heparin is 
incubated with added chyle in vitro, the chylomicron fat is rapidly hydrolysed 
(Robinson, Jeffries & French, 1954). There is evidence that during fat absorp- 
tion a lipase, analogous to this heparin-clearing factor, is present in the blood 
and this has led to the suggestion that chylomicron fat is hydrolysed before 
being removed from the circulation (Jeffries, 1954; Robinson et al. 1954). It 
has not been established, however, that hydrolysis is an essential step in the 
removal of the chylomicron fat from the blood. The appearance of chylo- 
microns in increased numbers in the lymph from the leg, head and neck, and 
liver following the injection of chyle intravenously has suggested, on the other 
hand, that at least a proportion of the chylomicrons can pass unchanged 
through vessel walls at some sites in the body (Courtice & Morris, 1955; Morris 
& Courtice, 1956). 

One of the difficulties in assessing these possibilities is that there is little 
quantitative information available about the rate of removal of chylomicron 
triglyceride from the blood. Several investigations of disappearance rates 
have been carried out using artificial emulsions (Meng & Freeman, 1948. 
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Lerner, Chaikoff, Entenman & Dauben, 1949; Rutenberg, Seligman & Fine, 
1949; Goldman, Chaikoff, Reinhardt, Entenman & Dauben, 1950a; Meng, 
1952; Becker, Rall & Grossman, 1955) or heterologous lipoproteins (Bragdon & 
Havel, 1954). It seems doubtful, however, whether these results can be related 
directly to the behaviour of the chylomicrons since, as shown by Waddell, 
Geyer, Saslaw & Stare (1953), the behaviour of emulsified particles in the 


circulation is largely determined by the nature of the surface active agent 
used to stabilize them. 


In the experiments described in this paper, the removal of chylomicron fat 
from the circulation has been studied by injecting “C-labelled homologous 
chyle intravenously into rats and following its rate of disappearance from the 
blood. The effects of intravenous injections of heparin and of inhibitors of 
the heparin clearing reaction on the rate of disappearance have also been 
studied and an attempt has been made to measure the exchange of chylomicron 
fat between the plasma and the lymph. 


METHODS 
Albino rats of both sexes with body weights between 180 and 190 g were used for all the experi- 
ments. The animals were starved for 18 hr before use. 

Collection of “C-labelled chyle. Thoracic duct fistulae were established in rats by the technique 
of Bollman, Cain & Grindlay (1948). At operation a gastrostomy tube was inserted so that fluids 
and radioactive fat could be administered readily. On the day following the operation 30 yc of 
glyceryl tri(palmitate-1-“C), specific activity 1-2 mc/m-mole, dissolved in 1 ml. of olive oil, were 
given through the gastrostomy tube. The lymph from the thoracic duct was collected into 3-8% 
sodium citrate solution throughout the subsequent period of fat absorption. The lymph, con- 
taining one volume of citrate in ten, was stored at 0° C before use. 

Intravenous injections and blood sampling. The rats were anaesthetized with ether and injections 
were made into an exposed femoral vein. The radioactive chyle was injected in volumes varying 
from 0-2 to 2-0 ml. over periods from 10 to 60 sec. Heparin (Pularin, Evans Medical Supplies) 
was injected in doses of 200 u./kg body wt.; protamine in doses of 5 mg/kg body wt. and Triton 
WR-1339 (Rohm and Haas Co.) in doses of 250 mg/kg body wt. Blood samples for radioactive 
assay were taken from the cut end of the tail. An infra-red lamp was used to keep the animals 
warm throughout the experiments and to ensure a free blood flow from the tail. Less than 5% of 
the estimated blood volume of the animals was removed by the sampling procedure during the 
course of the experiments. 

Radioactive assay. Samples of whole blood or lymph (0-03 ml.) were pipetted on to aluminium 
planchets, and thoroughly mixed with 0-1 ml. of a solution of Teepol (Shell Chemicals; Liq. 
Sulphestolis, B.P.C. 1949) diluted 1: 1000 in water. The mixture was spread over the surface of 
the planchet and a disk of lens tissue was placed on top. The sample was evaporated to dryness and 
counted to an error of 5% with a thin mica end-window GM tube. The results from replicate 
samples of blood or lymph prepared in this way agreed within 1 %. The activities in blood samples 
are expressed as percentages of the initial activities in the circulation. These latter values were 
obtained by extrapolation to zero time of the curves calculated from the experimental data. 

The radioactivity in lipid extracts was measured by mounting 0-1 ml. portions directly on the 
planchets and covering them with lens paper, as described by Entenman, Lerner, Chaikoff & 
Dauben (1949). 

Chemical analyses. Total esterified fatty acids in the samples of lymph were estimated by the 
colorimetric method of Sterne & Shapiro (1953). The partition of the lymph wide Pout 
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and triglyceride fractions was carried out by the method of Goldman, Chaikoff, Reinhardt, 
Entenman & Dauben (19506). 

Centrifugation. Chylomicrons were separated qualitatively from samples of lymph by centri- 
fugation at 20,000 g for 30 min in a Spinco preparative ultracentrifuge. The creamy surface layer 
was pipetted off the clear lymph beneath. 

Electrophoresis. The protein and lipid components of the lymph were separated by zone 
electrophoresis in barbiturate buffer (pH 8-6) at an ionic strength of 0-06 m. Duplicate paper 
strips were stained with bromphenol blue or with Sudan black. The distribution of protein and 
fat in these strips was determined by eluting 1 cm segments and measuring the optical densities 
of the eluates in a Beckman spectrophotometer at a wave-length of 590 mp (Swahn, 1953). When 
the optical densities of the Sudan black eluates had been measured the samples were assayed for 
their “C content. : 


RESULTS 
Analysis of the “C-labelled chyle 

To determine the form in which the label was present in the radioactive chyle, 
0-1 ml. samples were extracted into 10 ml. of boiling 3; 1 alcohol-ether mixture, 
and the mixture reduced to a small volume by careful evaporation. The 
residue was extracted with petroleum ether and samples of the petroleum-ether 
extract assayed for radioactivity. More than 95% of the total activity 
present in the samples was recovered in this lipid extract. Estimation of 
radioactivity in the phospolipid fraction of this material showed that 2-3 °%, 
of the *C activity was present as phospholipid fatty acid. This is in agreement 
with more detailed investigations by other workers (Bloom, Chaikoff, Rein- 
hardt, Entenman & Dauben, 1950; Borgstrém, 1952) showing that when 
labelled triglyceride is fed to rats it appears in the chyle almost entirely as 
triglyceride. 

To determine the distribution of “C activity between visible chylomicrons 
and other components, the chyle samples were separated into turbid and clear 
fractions by centrifugation and the “C content of the two fractions analysed. 
The radioactivity per unit volume in the turbid fraction was 30—40 times that 
in the clear fraction. Additional evidence that the radioactivity was present 
mainly in the chylomicrons was obtained by electrophoretic analysis. The “C 
activity followed the distribution of the Sudan staining and was localized near 
the point at which the samples were applied (cf. Swahn, 1953). 


The disappearance of “C-labelled chylomicron fat from the circulation 

To establish the rate at which chylomicron fat was removed from the 
circulation, serial blood samples were taken from ten rats which had each 
been injected intravenously with 1 ml. of labelled chyle containing 47-5 mg of 
total fatty acids. From the results obtained, the mean circulating half-life of 
the fat was calculated as 11-3 min +8.8. 0-62. 

The mean disappearance curve for two rats, studied throughout a period of 
3 hr following the injection of 2 ml. of labelled chyle, is shown in Fig. 1. The 
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percentages of the initial *C activity in the blood plotted against time on 
semilogarithmic co-ordinates give a composite curve which can be represented 
by two exponential components and hence by the general expression 


F,=P, + P, In-*#, 


where P, is the percentage of the initial radioactivity present in the plasma at 
any time t, Po is the percentage present at the time ¢,, and k is a proportionality 
factor representing the fractional decrease in percentage P with time. In the 
experiment represented in Fig. 1 the percentage remaining at the time ¢ is 
given by the equation 
P.=94-2 In-0077 + 5-8 

in which the constants (k, and k,) represent half-lives of 8-9 and 66-5 min 
respectively. 


Percentage of initial activity remaining 


0 30 60 90 120 150 180 
Minutes after injection 


Fig. 1. The disappearance of “C-labelled chylomicron fat from the circulation. i i 
plot of the mean results for two rate injected intravenously with 2 ml. of labelled chyle. 
T} =half-life. 


The composite nature of the disappearance curves suggested that there 
might be components in the injected chyle which were being removed at 
different rates. As already stated, some activity remained in the lymph of the 
lower layer after removing the chylomicrons by centrifugation. An experiment 
was therefore carried out to determine the effect of this component in the 
disappearance curves. A sample of labelled chyle was spun at 15,000 g for 
30 min and the chylomicron layer separated from the clear lower layer. The 
chylomicron fraction was resuspended in 0-9% saline and thoroughly emul- 
sified. The turbid and clear fractions were then injected separately into rats 
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and the rates of disappearance from the blood measured. Fig. 2 shows the 
mean disappearance curves for two paira of rats injected with these fractions 
of chyle. It can be seen that in both cases the disappearance curves could be 
resolved into two exponential components as in the case of whole chyle. 
However, with the clear fraction the slower component of the curves accounted 
for the removal of a much higher proportion of the total activity than was 
observed either with the chylomicron fraction or with whole chyle. 
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0 15 30 45 60. 75 90 
: Minutes after injection 
Fig. 2. The disappearance of “C-labelled fat from the circulation following the injection of 

the chylomicron layer and the clear lower layer of chyle. Semilogarithmic plot. Curve 
(a): mean results from two rats injected with 0-5 ml. of the chylomicron fraction containing 
14-3 mg of total fatty acids. The percentage remaining at ¢=¥5-6 In-®™* + 4-4 In-*-**. 
Curve (6): mean results from two rats injected with 1-5 ml. of the clear lower layer con- 
taining 5-0 mg of total fatty acid. The percentage remaining at 

t = 73-0 + 27-0 


In the experiments with whole chyle the dominant exponential accounted 
for the removal of approximately 90% of the injected fat in the first 30 min. 
In the subsequent experiments, when the disappearance of labelled fat was 
followed for 30 min only, the composite nature of the curve was disregarded 
and the logarithmic transformation of the experimental points was represented 
as a single regression. Comparisons of removal rates were made between the 
— of the calculated regression coefficients for each group by use of the 
t 

The effect of the amount of fat injected on the removal rate 

The exponential nature of the disappearance curve showed that the rate at 

which chylomicron fat was removed was related to its concentration in the 
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blood. When varying amounts of chyle were injected the individual disappear- ; 
ance curves each represented an exponential function, but it was found that 
the slopes of the curves were not parallel. This effect of initial fat concentra- 
tion on the removal rate is shown in Fig. 3, where it can be seen that the 
removal rate varied inversely with the amount injected. For example, in this 
group of experiments, when 9-7 mg of total fatty acid was injected the plasma 
half-life of the chylomicron fat was 6-2 min compared to 14-1 min when 
17-6 mg of total fatty acid was injected. 


Log. percentage initial radioactivity remaining 


10+ 
b) 
a) 
10 20 30 


Minutes after injection 


Fig. 3. The change in slope of the disappearance curve of “C-labelled chylomicron fat which 
occurs when increasing amounts of fat are injected intravenously. The amount of fatty acids 
injected and the regression equations are given : 

(a) 9-7 mg total fatty acids, Y = 1-37 — 0-0484(z — 13-1); 
(b) 19-4 mg total fatty acids, Y = 1-45 0-0408(z — 13-1); 
(c) 38-8 mg total fatty acids, Y = 1-57 - 0-0324(2 — 13-1); 
(d) 77-6 mg total fatty acids, Y = 1-72 -0-0213(2 — 13-1); 
where =log,, percentage of initial activity remaining and z = minutes after injection. 


When a second amount of chyle was injected before the first had been 
removed completely from the blood there was a change in the slope of the 
disappearance curve. Fig. 4 illustrates an experiment in which 1 ml. of 
unlabelled chyle was injected 10 min after the injection of 1 ml. of the labelled 
chyle. The second injection changed the half-life of the labelled fat from 
12 to 21 min. | 
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The effect of injection of heparin, protamine or Triton WR-1339 on 
the removal of chylomicron fat from the blood stream 
In the experiments described in this section the test and control groups of 
rats were injected with the same amounts of chylomicron fat. 
The effect of heparin on the removal rate was examined by giving rats 
heparin intravenously 1 min before the injection of thelabelled chyle. This injec- 
tion of heparin caused a significant acceleration in the rate of removal (Table 1). 


1001 
Ti =12 min 
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Percentage of initial activity remaining 


20 
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Minutes after injection 


Fig. 4. The effect of a second injection of chyle on the rate of removal of “C-labelled chylomicron 
fat from the cireulation. An initial intravenous injection of 57-5 mg of “C-labelled chylo- 
micron fat was given and was followed after 10 min by an injection of 48-6 mg of unlabelled 
fat. Semilogarithmic plot. T }=—half-life. 


Experiments were carried out in groups of rats given injections of protamine 
sulphate and Triton WR-1339. It is known that these substances inhibit the 
heparin clearing reaction in vitro (Robinson et al. 1954). Protamine sulphate 
and Triton WR-1339, given 1 and 5 min respectively before the injection of 
labelled chyle, caused a significant reduction in the rate at which the fat left 
the blood stream (Table 1), Nevertheless, the chylomicron fat was still 
removed from the circulation In view of this, tests were carried out to deter- 
mine whether the doses used in these experiments ‘were adequate to cause 
complete inhibition of the clearing reaction. Injections of the same doses of 
protamine or Triton WR-1339 were given to rats 15 min before the injection 
of heparin. The animals were bled after a further 5 min and their plasma was 
tested by following the change in optical density which occurred when fatty 
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chyle was added (French, Robinson & Florey, 1953). The plasma from these 
rats showed no clearing activity in response to heparin injection, whereas the 


plasma from rats given heparin alone produced complete clearing of the added 
chyle in 30 min. 


Tasce |. The effect of intravenous injection of heparin, protamine or Triton WR-1339 on the 
removal of chylomicron fat from the circulation 


Regression half-life of difference 
Treatment Rat no. coefficient (min) from normal 
Normal — 0-0268 11-2 
2 — 0-0305 9-9 = 
3 — 0-0323 9-3 
Heparin, 200 u./kg 1 — 0-0553 5-4 
2 — 0-0553 <0-001 
3 — 0-0831 3-6 
Protamine sulphate, 1 —0-0106 28-4 
5 mg/kg 2 — 0-0098 a0} <0-001 
3 -0-0115 26-2 
Triton WR-1339, 1 0-0102 29-5 
250 mg/kg 2 — 0-0158 19-1 <0-001 
3 — 0-0103 29-4 


= 


Radioactive (counts/min/0-1 mi.) 


i i 
30 60 90 120 150 180 
Minutes after injection 


Fig. 5. The appearance of “C activity in the thoracic duct lymph of a rat injected intravenously 
with 2 ml. of “C-labelled fatty chyle. Semilogarithmic plot. ©, Blood; @, Thoracic duct lymph. 


q 
4 
a 
A 
| 
a 
44 


334 J. EH. FRENCH AND BEDE MORRIS 


The recirculation of fat in the lymph following intravenous injection of chyle 

Labelled chyle was injected intravenously into six rats with established 
thoracic duct fistulae, and the “C activity in samples of blood and lymph was 
estimated during the 3 hr period following the injection (Fig. 5). Radio- 
activity was present in the lymph collected in the first half hour and the con- 
centration rose to a maximum after about 2 hr. In some experiments the 
44C activity in the lymph reached higher levels than in blood samples collected 
at the same time. The mean total amount of “C activity recovered in the 
lymph was 0-9% +8.z. 0-1 of the amount injected. 


Injected lymph 


Fig. 6. The electrophoretic elution diagrams of “C-labelled lymph injected intravenously into and 
recovered from a rat with a thoracic duct fistula. The recovered lymph was separated into 
fatty and clear fractions by high-speed centrifugation. @——@®, protein distribution ; 
O---O, “© distribution; x---x, fat distribution: the direction of migration of the 
samples is from left to right. | 


Similar experiments were carried out in two additional groups of six rats to 
determine whether injections of protamine or heparin produced any change in 
the amount of fat returned by the lymph. In both these groups of experiments 
measurable amounts of radioactivity appeared in the lymph during the first 
half hour, but again the maximum activity occurred after about 2 hr. In the 
heparin-treated group, a mean of 1-1%+8.8. 0-1 of the injected fat was 
recovered ; in the protamine group the mean recovery was 0-6% +8.£. 0:1. 
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in the recovered lymph, samples were analysed by the methods already 
described for the chyle. About 90% of the total activity in the lymph was 
present in the rectified alcohol-ether extract, and of this 3-4°% was present as 
phospholipid fatty acid, On centrifugation, the radioactivity per unit volume 
in the chylomicron fraction was 5-6 times that in the clear fraction. Electro- 
phoresis of the recovered lymph showed that the radioactivity was concen- 
trated in stainable fat at the point of application of the sample (Fig. 6). 

In the samples of lymph obtained from rats receiving heparin or protamine 
before the chyle injection this distribution was essentially the same. It 
appeared, therefore, that in each group of animals a proportion of the “C 
label was present in chylomicron fat in the recovered lymph. 


DISCUSSION 


The rate of removal of chylomicron fat from the blood in rats is of the same 
order as that reported for dogs by Havel & Fredrickson (1956). It appears to 
be higher than has been reported in experiments in which various artificial 
emulsions have been used, but direct comparisons are difficult to make as the 
amounts of fat injected in other experiments have been much larger than 
those used here. During fat absorption the chylomicron concentration, even 
at the height of lipaemia, is less than the initial concentration which followed 
the injection of 1 ml. of chyle. The rate of removal observed following the 
injection of 0-2 ml. is probably a closer measure therefore of the circulating 
half-life of the chylomicrons under physiological conditions. 

The disappearance curves represent the removal of chylomicron fat from 
the blood but do not discriminate between removal as chylomicrons or removal 
as the products of hydrolysis. In general, the curves appear to favour the first 
of these possibilities and are similar to those obtained after the injection of 
a variety of particulate substances into the blood stream. 

A composite disappearance curve has been described following the intra- 
venous injection of labelled colloids, and it has been shown that this is due to 
variation in particle size with the smaller particles accounting for the slowly 
removed ‘tail’ (Dobson, Gofman, Jones, Kelly & Walker, 1949). In the case 
of injected chyle, it appears that variation in particle size could account at 
least in part for the composite nature of the disappearance curves. The label 
was probably distributed over a range of particles of varying size which were 
separated roughly into a large particle and a small particle fraction by the 
centrifugation procedure. From the experiment in which these fractions were 
injected separately, it appeared that the fat in the larger visible particles 
disappeared the most rapidly from the blood stream and that the slower phase 
of the curves was partly accounted for by the presence of colloidal fat particles 
which were too small to scatter light. This is an incomplete explanation, 
however. Some of the activity in the later parts of the curves would be 
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accounted for by labelled fat which was returned to the blood in the lymph 
or remobilized from the tissues, and by metabolic intermediaries formed by the 
oxidation of the chylomicron fat. 

The observation that the disappearance of chylomicron fat from the blood 
followed an exponential function but that the rate was inversely proportional 
to the amount injected is similar to results obtained with other colloidal 
particles (Frimmer, 1953; Biozzi, Benaceraf & Halpern, 1953; Neveu, Biozzi, 
Benaceraf, Stiffel & Halpern, 1956). With such colloids it has been shown that 
a second intravenous dose will change the slope of the disappearance curves 
(Biozzi et al. 1953). In the case of these materials which are known to be taken 
up by reticulo-endothelial cells, this form of disappearance has been attributed 
to a saturation effect whereby the capacity of the cells to take up material 
from the blood is progressively reduced. It is possible that during the dis- 
appearance of chylomicron fat there is a saturation of the removal mechanism 
which could explain the change in slope of the disappearance curves when 
increasing amounts of fat are injected. 

Direct evidence that some of the chylomicron fat left the blood stream as 
particles was obtained in the experiments in which labelled fat was identified 
in the recovered lymph as chylomicrons. The recovery of about 1% of the 
injected chylomicron fat in the lymph agrees closely with the results obtained 
in cats by Morris & Courtice (1956). Some of the activity in the recovered 
lymph was not present as fat. Freely diffusible oxidation products, such as 
glucose and bicarbonate, probably accounted for the final approximation of 
the levels of radioactivity which occurred in blood and lymph. 

If the chylomicron fat does leave the blood stream as particles it is unknown 
whether the particles pass through the capillary membrane or are in some way 
engulfed by the endothelial cells. It has been suggested that chylomicrons are 
taken up by the reticulo-endothelial cells. Following the injection of artificial 
emulsions fat accumulates in these cells, particularly in the Kupffer cells of the 
liver (Gilbert & Jomier, 1908; Jaffé & Berman, 1928). There is also evidence 
that exogenous cholesterol, reaching the blood stream in chylomicrons, is 
concentrated in reticulo-endothelial cells (Friedman, Byers & Rosenman, 1954). 
It has never been shown conclusively that chylomicron triglyceride is taken 
up in this way (Murray & Freeman, 1951). As already pointed out, the form 
of the disappearance curves for chylomicron fat is similar to that observed 
for materials taken up by reticulo-endothelial cells. There is no reason to 
suppose, however, that this type of disappearance is a characteristic solely of 
reticulo-endothelial activity. 

The possibility that the fat leaves the blood stream in a form which is more 
readily diffusible than the chylomicrons has also to be considered. If hydro- 
lysis of the fat occurs before removal, there is evidence from studies in vitro 


that a series of complexes could be formed by association of fatty acids and ) 
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residual unhydrolysed fat with the plasma proteins (cf. Robinson & French, 
1957). In view of the rapid disappearance of chylomicron fat from the blood, 
however, it is unlikely that removal can depend on the formation and transfer 
of lipoprotein complexes through aqueous diffusion channels. It is known that 
lipoproteins exchange between plasma and lymph in a similar way to the 
plasma proteins which have circulating half-lives of several hours (Wasserman 
& Mayerson, 1951; Courtice & Morris, 1955). The demonstration by Havel & 
Fredrickson (1956) that unesterified fatty acids leave the circulation at a rapid 
rate suggests that these substances can be removed independently of protein. 

In the present experiments it has been shown that heparin, which is known 
to induce intravascular hydrolysis, causes an acceleration in the rate of 
removal of chylomicron fat from the circulation and that inhibitors of the 
heparin clearing reaction, protamine and Triton WR-1339, slow down the 
rate of removal. This is consistent with the view that a hydrolytic reaction, 
analogous to the heparin clearing reaction, is concerned in the removal of 
chylomicron fat. On the other hand, no evidence was obtained that intra- 
vascular hydrolysis was essential for removal, In the presence of concentrations 
of protamine or Triton WR-1339, sufficient to inhibit hydrolysis induced by 
heparin, fat still left the circulation. Further, the slower rate of removal of 
chylomicron fat in the presence of protamine or Triton WR-1339, while possibly 
due to inhibition of intravascular hydrolysis, could also be due to changes in 
the surface properties of the chylomicrons which modify in some other way 
their removal from the blood. 

SUMMARY 

1. The removal of chylomicron fat from the circulation in rats has been 
studied by observing the rate of disappearance of “C-labelled tripalmitin 
injected intravenously in the form of homologous chyle. 

2. The disappearance of the injected fat followed an exponential function 
but at a rate which was inversely proportional to the amount of fat injected. 

3. The chyle contained labelled components which were removed from the 
circulation at different rates. Fat in the form of visible chylomicrons was 
removed more rapidly than the fat present in invisible particles. 

4. The rate of removal of chylomicron fat was increased by the intravenous 
injection of heparin, and slowed, but not stopped, by injection of protamine 
sulphate or Triton WR-1339. 

5. Approximately 1% of the labelled fat was recovered in thoracic duct 
lymph in the 3 hr following intravenous injection. Some of the labelled fat 
recovered in the lymph was present in chylomicron form. 

We should like to acknowledge the advice and encouragement of Professor Sir Howard Florey 


and the technical assistance of Miss Margrit Hoffman and Mr H. W. Wheal. This research was 
carried out during the tenure (by B.M.) of an Australia and New Zealand Life Insurance Medical 


Research Travelling Fellowship. 
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ERRATUM 


Grounpy, H. F. & Howarru, F. (1957). J. Physiol. 188, 202-214. 
p. 211, labelling of Text-fig. 5, for nitrate read nitrite 


a division of labour among the ganglion cells. Certain of the cells apparently 


normally initiate the burst which represents one heart beat, others, although 
capable of spontaneous firing, apparently normally follow. These latter 
certainly, and possibly also the former, are motoneurones to the myocardium. 
Both are probably sensitive, but to different degrees, to stretch or inflation of 
the heart, in the wall of which the ganglion lies (Bullock, Cohen & Maynard, 
1954), and to the effects of the extrinsic inhibitor axon and the accelerator 
axons, of which Maynard (1954) reported there are two. The followers are 
integrative as indicated by the fact that their one of discharge is not the 
same as that of any antecedent cell. 

The ganglion has been referred to as a miniature vesin and offers unique 
material for analysis, combining as it does so many central properties in so few 
and accessible cells. Among the problems of interest which can be studied 
here are the mechanisms bringing intermittency out of a tendency to 
continuous spontaneous running, the formulation of patterned discharge in 
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With the introduction of the lobster cardiac ganglion into the service of 
physiology by Welsh & Maynard (1951) and Maynard (1953a-c, 1954, 1955), 
an extremely valuable preparation for the analysis of the properties and 
mechanisms of organized groups of neurones became available. Maynard has 
studied particularly the organization of the normal burst which initiates 
each heart beat and the consequences of stimulation of the extrinsic inhibitor 
nerve from the central nervous system, which he found to contain a single 
inhibitory axon on each side. These studies with extracellular macro-electrodes, 
partly confirmed by Matsui (1955), have shown: (a) that the ganglion, con- 
sisting of nine cells of complex form (Fig. 1 and Alexandrowicz, 1932), is 
capable of initiating at regular intervals complex bursts consisting of several 
to many impulses in each cell; (b) that there is a distinct pattern in the whole 
complex as well as in the bursts of impulses in each unit; and (c) that there is 
a division of labour among the ganglion cells. Certain of the cells apparently 
normally initiate the burst which represents one heart beat, others, although 
capable of spontaneous firing, apparently normally follow. These latter 
certainly, and possibly also the former, are motoneurones to the myocardium. 
Both are probably sensitive, but to different degrees, to stretch or inflation of 
the heart, in the wall of which the ganglion lies (Bullock, Cohen & Maynard, 
1954), and to the effects of the extrinsic inhibitor axon and the accelerator 
axons, of which Maynard (1954) reported there are two. The followers are 
integrative as indicated by the fact that their in of discharge is not the 
same as that of any antecedent cell. 

The ganglion has been referred to as a miniature besin and offers unique 
material for analysis, combining as it does so many central properties in so few 
and accessible cells. Among the problems of interest which can be studied 
here are the mechanisms bringing intermittency out of a tendency to 
continuous spontaneous running, the formulation of patterned discharge in 
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nervous centres and the parameters and consequences of neuronal interaction 
in integrative centres at the unit level (see Maynard, 1954, 1955; Bullock, 
1957). 

Seis & Bullock (1955, 1957) have reported the results of recording 
with intracellular micro-electrodes. They found what was possibly the most 
complex activity hitherto recorded in individual nerve cells and described two 
consistently different forms of activity. The present study is an extension 
of this. 


Fig. 1. A portion of one of the five large ganglion cells in the crab, Cancer pagurus. The descending 
axon can be followed for another 15 mm or more, through the ganglion and into the myo- 
cardium, giving off several types of branches. Fibres from other ganglion cells and from 
extrinsic inhibitor and accelerator nerves make complex connexions both near and far from 
the soma. Note that there is more than one process which could be axonal in character. 
ax, axon; col, collaterals. The dotted lines outline the ganglionic trunk. Reproduced, with 
permission, from Alexandrowicz, 1932. 


MATERIALS AND METHODS 


Approximately 100 specimens of the California spiny lobster, Panulirus interruptus, have been 
used in this study. Most specimens were from 600 to 1400 g in weight. The method of preparation 
has been described in Hagiwara & Bullock (1957). As in that study, chosen cells of the nine in 
the ganglion were actually visualized and the somata penetrated under microscopic control. 
About eighty specimens of a crab, Cancer anthonyi (300-500 g) were used, although only about 
40% of these were successfully penetrated while the ganglion was still active. This preparation 
proved to be much more delicate than that of the lobster. Often several cells were penetrated in 
the same ganglion so that a total of about forty active cells have been penetrated in the crab and 
#bout 140 in the lobster. A different cathode follower input unit and amplifier was used in the 
present study, namely that supplied in the Grass P-6 DC preamplifier and low-capacity probe. 
Micro-electrodes of 10-30 MQ. were used and the input capacity was 0-6-2 pF. The temperature 
was between 19 and 24° C. : 
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RESULTS 
Different types of activity 
Confirming and extending the report of Hagiwara & Bullock (1957), we find 
a number of different forms of activity and, moreover, these occur fairly con- 
sistently in certain anatomically defined cells. Cells 1-3 in the diagram in 
Fig. 2 are not always disposed in exactly the same way, and it is occasionally 
difficult to identify the homologous cell in a particular ganglion. Rarely, 
exceptions to the following correlation between anatomy and functional type 
have been encountered, and it is our impression that at least some features of 
the first three types of activity are probably interchangeable under suitable 
) conditions. These conditions have not been found, and it is impressive that the 
correlation is as consistent as it is. We do not believe any of the results described 
here represent activity recorded inside axons or other processes. The pipette 


Fig. 2. Normal bursts representing heart beats, seen in units of type A in the lobster. A and B 
are from the same cell, at different scales. C is an unusual example in which small synaptic 
potentials precede the large deflexion which usually initiates the burst in the lobster. Scales: 
A, 10 mV, 500 msec; C, 7 mV, 100 msec. Anatomical inset shows the usual positions of the 
nine cells in the lobster; the ganglion as shown is about 15 mm long in our specimens, the 
cell bodies proportionately would be about one-tenth the diameters shown. 
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tip is known to be in the vicinity of a soma; cells are far apart and between 
them we do not obtain such potentials. The potentials do not usually deteriorate 
for hours. Only in type D activity are the impulses large and synaptic 
potentials absent and here the fact that many such records have been obtained 
and only such records, while probing among certain cells, together with the 
amplitude, longevity, and the frequently large pacemaker potential argue 
against penetration of axons. 

_ The resting potential has been measured in many but not all cells penetrated 

and usually falls between 50 and 60 mV. We have not established any cor- 

relations between this value and the other properties described. 

Simple followers (type A). Fig. 2 illustrates this type of activity which we 
find associated with cells 1 and 2. This type has already been identified by 
Hagiwara & Bullock (1955, 1957), but the records in Fig. 2 show more complex 
activity and possibly represent cells in better condition. Followers are defined 
by deflexions of graded amplitude and several tens of milliseconds duration 
which we suppose (see Hagiwara & Bullock, 1957) to be synaptic potentials 
and simple followers by the absence, between the bursts, of spikes preceded 
by slowly rising depolarization. Type A is further characterized by the 
presence of a general depolarizing shift of the cell potential which lasts 
for several tenths of a second during each burst and is intermediate in 
amplitude between the largest and the smallest synaptic potentials, therefore 
usually 10-15 mV. 

In the freshest preparations a number of spikes arise during the burst (up 
to 19), commonly from the peaks of the synaptic potentials, but also from the 
declining phase and even from the trough between such potentials. The spikes 
are so identified for the following reasons: 

(1) An impulse corresponding to each of the intracellular small spike-like 
potentials can be recorded by means of the external electrodes, probably 
from the axon. 

(2) A stimulus which sets up only the above impulse in the axon can produce 
the corresponding small spike-like potential in the soma. 

(3) A direct stimulation of the cell body through an internal electrode can set 
up the corresponding impulse in both soma and axon. 

Deterioration of the cell with time is accompanied by a reduction in number 
of these spikes and a simplification of the synaptic potential record. At the 
extreme there is no spike-like, all-or-none component and the synaptic 
potentials, although still fairly numerous, are smoothly graded, both in 
amplitude and in frequency. The frequency falls, usually smoothly, from a 
high to a low value, and the amplitude, while maximal for the first synaptic 
potential in a burst, is then minimal for the second and gradually increases as 
the frequency falls, i.e. after short intervals the cell responds to an arriving 
impulse in a presynaptic pathway with only a small deflexion, after longer 
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intervals with larger deflexions. This was described as ‘defacilitation’ by 
Hagiwara & Bullock (1957). We cannot provide new evidence to decide 
whether the altered state is in the presynaptic or post-synaptic structures. 
This deteriorated burst is furthermore interpreted as due to a short train of 
impulses in a single presynaptic pathway. In contrast the bursts in the best 
preparations, like those shown in Fig. 2, contain several abruptly different 
sizes of synaptic potentials which we believe must come from different pre- 
synaptic pathways, some more effective than others (see further, p. 359). 

The type A cell may exhibit some activity between bursts, but this is in the 
form of very small synaptic potentials. These may cluster just before a burst 
as though anticipating it, and there may, in fact, be one or two all-or-none 
spikes just preceding the main deflexion at the beginning of a burst. But it is 
characteristic of the lobster that the main burst in the type A cell is initiated 
by a single large synaptic potential (20-30 mV). Occasionally this is not seen — 
and instead a succession of smaller synaptic potentials occurs, one on top of 
the other. The synaptic potentials decline with a form and along a time course 
which varies considerably. The apparent time constant varies at least from 
12 to 30 msec. This would indicate that the apparent time constant given by 
the fall of synaptic potential is not the time constant of the post-synaptic 
membrane (cf. Frank & Fuortes; 1956; Eccles, 1957; 1. Tasaki & 8. Hagiwara, 
personal communication; Hagiwara & Bullock, 1957; Bullock & Hagiwara, 
1957). The spikes, although only 5-20 mV in lobster cells (see Hagiwara & 
Bullock, 1957), impose a rapid repolarization sufficient, commonly, to restore 
the level of potential at the beginning of that synaptic potential, except the 
first which is so large. | 

In experiments where, simultaneous with the intracellular recording, a pair 
of macro-electrodes recorded the activity of a number of units in the ganglion 
extracellularly, there is seen a number of spikes in the extracellular record 
which do not correlate with intracellular deflexions, and some which do. The 
latter strongly suggest that each deflexion in the intracellular record is the 
result of a single impulse in the extracellular record, and does not require a 
combination of more than one impulse. This is especially clear for the initial, 
largest deflexion which is commonly preceded by only one spike in the external 
record, with an interval of 6-8 msec (3-5 msec estimated conduction time). 
When a second spike also precedes, it is several msec after the first and prob- 
ably could not sum smoothly with it. Certainly it is not necessary to have a 
Series of closely spaced prespikes. Taken together with the evidence of Hagi- 
wara & Bullock (1957) that a single, just-threshold shock to a presynaptic 
unit can elicit a typical 20 mV synaptic potential, it appears safe to conclude 
that even the largest synaptic potential requires but one prespike. This supports 
the conclusion that some afferent pathways impinging upon the type A 
cell are able to cause only small deflexions and others are able to produce the 
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large deflexions and the long-maintained depolarization characteristic of the 
burst. 

It is especially common for the small synaptic potentials in the lobster burst 
to outlast the large synaptic potentials so that the end of a burst consists of 
a long series of tiny synaptic potentials. The slow, maintained depolarization 
passes off with the large synaptic potentials so that this terminal series of smal] 
deflexions occurs at about resting potential level or even at a slightly hyper- 
polarized level. 


Fig. 3. Follower activity in the crab. A is from one preparation, B and C from another. Note the 
characteristic crab features of slow build-up, small sustained depolarization and large spikes. 
There are spikes of at least two sizes, in each case. Scales: A, 50 mV, 100 msec; B, 25 mV, 
200 msec; C, 25 mV, 100 msec. 


In the crab, type A cells as shown in Fig. 3 are similarly defined but have 
a very different general character. There is no sudden large deflexion initiating 
the burst, with a steady fall of the depolarization as the bursts proceed. In 
contrast the synaptic potentials are about the same size or smaller at the 
beginning in comparison with those in the middle of the burst, and the slow 
depolarization builds up gradually. We see here also, however, both larger 
and smaller synaptic potentials and these are distributed in such a way in 
the burst that they cannot readily be explained as due to activity resulting 
from a single presynaptic source with facilitation or ‘defacilitation’ (Hagiwara 
& Bullock, 1957} grading the response amplitude. A consequence of the typical 
character of the burst in the crab type A cells is that the spikes do not normally 
exhibit a maximum frequency in the early part of the burst and a declining 
frequency later, but are scattered through the burst and can be crowded 
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) towards the end. The spikes are discussed further below. This form of activity 
which we consider to be comparable to the type A of the lobster has been 
found in several of the large cells so far penetrated in the anterior portion of 
the crab ganglion. Lacking a detailed anatomical map of this ganglion, we 
cannot yet give these cells numbers. We cannot be sure therefore whether they 
are a consistent cell type anatomically. 

The slow, maintained depolarization during the burst in the crab is com- 
monly smaller than in the typical A unit of the lobster. A high value for the 
crab might be 8 or 10 mV for this slow depolarization, for the lobster approxi- 
mately twice this. 


Fig. 4. Type B activity, A is in the lobster and is an example where the burst has become simplified 
and abbreviated. | Note the notch near the apex of the spike; this is an early sign of the two 
independent spikes, of which it is composed, becoming non-coincident. B is from the crab. 
Scales: A, 10 mV,\200 msec; B, 10 mV, 100 msec. 


, In several lobsters, penetration of cell 5, in the middle of the ganglion, 
showed good bursts of type A but without spikes. In some cases there were 
brief deflexions of minute size, followed by a tendency to hyperpolarization on 
the recovery phase, characteristics supporting their identification as spikes. 
But this cell seems characteristically to exhibit no sizeable spikes comparable 
to those in other type A cells under our conditions. Perhaps that means it 
? more readily tends to lose its spikes under our conditions. The synaptic 
potentials, like those of more typical type A cells, are of several kinds in both 
amplitude and form. 

Followers without sustained depolarization (type B). Fig. 4 illustrates the 
activity characteristic of cell 4 in the lobster. This is very similar in most ways 
to type A activity and we have seen a few instances where cell 1 first gave 
type A activity and later type B activity. The defining difference is that in 
type B there is no slow, maintained depolarization. It is not clear from the 
evidence whether this is the lack of a separate form of maintained potential 
independent of the briefer transient events we have called synaptic potentials, 
or whether the synaptic potentials are themselves responsible for the slow 
. Maintained depolarization in type A and are different in the rate of their 
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repolarization in type B. Itis difficult to be certain thatthe absence of maintained 
depolarization is not due to a lower frequency of synaptic potentials in type B 
activity, but we believe that this is not an adequate explanation, for in a 
number of cases the frequency of synaptic potentials has overlapped with the 
range for type A activity, although commonly it is lower. The synaptic 
potentials are not larger than in the type A burst. In spite of the smaller total 
depolarization, due to the synaptic potentials rising from approximately a 
resting potential level instead of a maintained depolarized level, spikes arise 
in considerable numbers during the burst—five or six not being exceptional. 

Both type A and type C activity may, with time, transform into type B 
activity, but this has been seen in each case very rarely. 

Followers with spontaneity (type C). This type of activity has already been 
described by Hagiwara & Bullock (1957). We find it almost always charac- 
teristic of cell 3 in the lobster. There are several variants, some of which 
are shown in Figs. 5 and 6. The activity during a burst corresponding to a 
heart beat is generally characteristic of type A, but sometimes is more like 
the activity of type B without maintained depolarization. This fact and the 
synaptic potentials suggest that during this period the cell is being driven by 
antecedent activity in a pacemaker neurone or in other followers. 

The spontaneous tendency which defines type C is manifested between 
bursts when single spikes tend to occur at regular intervals, following a period 
of depression immediately after the burst. This depression may be quite long, 
e.g. several seconds or a large fraction of the interburst interval, or it may be 
extremely short approaching the interval between spontaneous spikes as in 
the top record of Fig. 5. The interburst spikes are considered to be spontaneous 
because of the absence of activity in an extracellular monitor just preceding 
each of these spikes which could represent the impulse from a driver neurone 
and because the interburst spikes are commonly preceded by a gradual de- 
polarization resembling the pacemaker potential which has been found in the 
vertebrate heart (Weidmann, 1956; Hutter & Trautwein, 1956). 

This gradually increasing depolarization we believe to be intrinsic to the 
neurone in which it is seen. Monitoring external electrodes on the ganglion 
show no activity of other neurones to be necessary during this time; further, 
the frequency of the presumably spontaneous spikes can be altered by passing 
subthreshold current through the internal electrode in the same cell. The 
slowly increasing depolarization takes different forms. In perhaps the simplest 
case, it is virtually a ruled, straight line from the point of the maximum 
polarization immediately after the spike to the point of sudden acceleration of 
depolarization leading into the next spike. Both of these corners are turned 
fairly abruptly. This is shown in the top two records of Fig. 5 and the bottom 

rds in Fig. 6. In another common case (type D in the crab), the gradual 
depolarization, while clear, begins rapidly, slows down sometimes to an 
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}  glmost invisible slope and finally accelerates gradually again (the middle 
record in Fig. 6), i.e. it is sigmoid, and whereas the first corner from maximum 
repolarization into sloping depolarization is turned abruptly, the second 
corner, from graded depolarization into spike, is quite gradual. 

In still other cases the amplitude of the slow depolarization is small to 
undetectable. It is invisible in the low gain third record of Fig. 5, and in the 
; high gain fourth record it is just visible. 

Fig. 6 illustrates some details concerning the cycles of depolarization and 
firing. These are all cases where the bursts were far apart and the spontaneous 


Fig. 5. Type C activity in the crab. A shows three bursts, representing heart beats, during which 
this cell is a follower. Note that the rhythm of spontaneous activity is reset. B shows the 
common finding of different spike sizes in spontaneous and driven activity. C is an example 
of large spikes; the cell is believed to have a different safety factor, permitting impulses in 
the axon to invade. D exemplifies evidence that the pacemaker region must be far from the 
soma where the pacemaker depolarization is seen as less than | mV. Scales: A, 20 mV, 

200 msec; B, 10 mV, 200 msec; C, 50 mV, 500 msec; D, 10.mV, 400 msec. 
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activity of the type C cell permitted considerable running between bursts. 
The first. two lines are from lobster ganglia, the last three from type C units 
of crab ganglia. The pacemaker potential, defined as the slow depolarization 
occupying most of the interval between the hyperpolarization after one spike 
and the rapid depolarization just before the next spike, can be large and 
conspicuous or very small. In the former case it rises at the rate of several 
millivolts per second. > 

Sometimes, as in the first two lines of Fig. 6, the spike is initiated by a rapid 
depolarization with a shoulder suggesting a distinct component like a synaptic 
potential or soma potential. There is no evidence of activity in a preceding 


Fig. 6. Some details concerning spontaneous activity. A and B are from the same cell in the 
lobster. It shows a large pacemaker potential, presumably arising nearby, and another pre- 
potential before the spike. This can fail to elicit a spike, can continue (end of A) or redevelop 
(3rd spike of B) after the spike and can initiate repolarization almost as complete as a spike 
can. Note the failure of the prepotential to arise following the third spike in B, with instead 
an undulation leading to new cycle. C, D and E are three different crab cells of type D, 
showing different forms and permutations of pacemaker potential and repolarization (see 
text). Scales: A, B, 500 msec; C, D and £, 50 mV, 200 msec. 
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cell which drives the type C cell from which we are recording, at the frequency 
of the spikes illustrated. We regard this prepotential as a separate component 
of the spontaneous activity, presumably occurring in the soma or in processes 
nearby. The portions of the record chosen show that it can occur without 
giving rise to a spike and in that event can be shorter or longer lasting and it 
can occasionally occur even as a cusp on the repolarization phase following a 
spike. We have tentatively regarded it as a local potential of the soma or 
nearby processes, generated when the slow depolarization reaches a critical 
level. 

An important observation is that even in the absence of a spike the potential 
just described, which we may refer to for the present as a soma potential, can 
initiate repolarization and hence a new cycle of generator action. This means 
that the spike itself is not the necessary culmination of the relaxation oscillator 
cycle but that it is a second order and facultative process. The primary rhythm- 
determining events, at least those seen by an intracellular electrode, are the 
pacemaker potential and the soma potential. The spike is not without some 
influence on the rhythm, however, as the records contain the suggestion that 
the spike following a missed spike is likely to occur a little sooner than it 
would otherwise. Even the soma potential is not absolutely essential. The 
first record in the second line of Fig. 6 shows an instance where the pacemaker 
potential did not initiate an accelerating depolarization but gradually gave 
way to a slight and slow repolarization which then after some time slowly led 
again into a gradual depolarization which this time succeeded in initiating a 
soma potential and then a spike. 

This last case is very similar to a few records which have been obtained 
characterized by long, slow, undulatory fluctuations of the potential across 
the cell membrane. At the peak of the depolarization in each undulation a 
spike is likely to occur which has the appearance of a spontaneous type C 
discharge. But following the spike, instead of a rapid repolarization to a 
maximum level and then a gradual depolarization, we have a slow, approxi- 
mately sinusoidal repolarization and then again depolarization. Very often the 
soma potential is not so obvious, as in the last two lines of Fig. 6. 

Another less common form of record is characterized by a brief plateau 
following the initial repolarization from a spontaneous spike, the plateau being 
at a high but not maximum level of membrane polarization. Following this 
plateau there is a further hyperpolarization which is long and slow and gives 
way gradually to a slow depolarization which leads to the next spontaneous 
spike. Instead of a single spontaneous spike, there is commonly a group of two 


or three spikes together, and in this case the hyperpolarization following may 


be greater. Between the spikes in such a cluster there may be a small pre- 
potential or none at all may be visible. In either case the second and further 
spikes may take off from a much higher level of membrane polarization 
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than the first. Of course the opposite also occurs when depolarization 
accumulates. 

The spikes to which we have been referring are generally of uniform size, 
but not uncommonly there are several sizes (Fig. 6, last line). More commonly, 
all interburst spikes are similar, but are different from the spikes characteristic 
of the bursts, the former being smaller. These facts will be referred to again 
below. 

In a few cases it has been observed that cells with initially type A activity 
have subsequently acquired interburst spikes of the presumably spontaneous 
sort and in at least one case this was associated with manipulation of the 
micro-electrode; therefore possibly with some form of stretch of the cell. In 
several preparations penetration of cell 3 gave only type A activity and this 
appeared to correlate with a different method of mounting the preparation so 
that the heart was under less stretch. Returning to the original method of 
mounting, with greater stretch, immediately resulted in every preparation 
showing type C activity in this cell. In a few cases the reciprocal transforma- 
tion from type C to type A has been seen. And C activity has occasionally 
changed into B activity. 

Driver without synaptic potential (type D). There are two large and four small 
cells in the posterior end of the ganglion in the crab, according to Alexandro- 
wicz (1932). Penetration of cells, which we believed at the time to be large, in 
each of a considerable number of specimens has always given us results 
entirely unlike any of the other cells penetrated in this ganglion or in the 
lobster. They are illustrated in Figs. 7 and 8. The spikes are large and in some 
cases overshooting in contrast to the very low voltage spikes we have en- 
countered generally, as described above. There is no sign of synaptic potential 


_ even when conditions would seem to conduce to fatigue, for example, after a 


period of intensive activity and especially when four or five spikes have 
followed each other closely. 

The third outstanding feature is the proclivity to high-frequency discharge 
in short bursts. Such spikes often occur close together, even on the declining 
phase of the last. These bursts may recur regularly, as can be seen in the third 
line of Fig. 7. The second spike may overshoot even farther than the first. 
As astonishing as these ‘piggy-back’ spikes are those which occur a trifle later 
during the hyperpolarized phase following the preceding spike. These are seen 
especially in the first and second lines of Fig. 7. Evidently the region which 
initiates spikes is not depressed during the hyperpolarized phase following a 
spike, in spite of a depression in excitability which presumably occurs in the 
structures occupied by the full spike. The amplitude of the spike is generally 
slightly smaller when it arises from the hyperpolarized phase following 
antecedent activity. 


Lastly, this form of discharge is remarkable in the small size of the slow 
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depolarization which precedes each burst in many cases. Often, the de- 
polarization is conspicuous as in Fig. 6, but very commonly it is vanishingly 
small as in Fig. 7, especially in the major part of the period between bursts, 
that is, following the early recovery from hyperpolarization and before the 
short period of accelerating depolarization leading into the spike itself. By 
| vanishingly small it is meant to imply that the gradual depolarization during 


Fig. 7. Type D activity in posterior large cells of the crab. Three different preparations. 
Scales: 50 mV, 400 msec. 


B 
Fig. 8. Different forms of repolarization after activity in D units of the crab. A shows accumu- 
lating reduction in membrane polarization without hyperpolarization until the end of the 
burst and then slowly developing and again declining. B shows an initial hyperpolarization 
after each spike giving way to an accumulating depolarization and, with higher frequency 
spikes again, the slow development of hyperpolarization. C shows simple hyperpolarization 
except between the first three spikes which are too close together. D emphasizes the poor 
correlation between spike interval and membrane level as'seen in the soma. Scales: A, B, 
50 mV, 400 msec; C, D, 50 mV, 200 msec. 
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the long period between bursts is frequently too small to be reliably detected 
under our conditions of recording, but we emphasize that we cannot say such 
potentials are absent. 

The rounded corner between the interburst resting potential and the spike, 
that is, the accelerating depolarization leading into a spike, is of greatly varying 
degree of sharpness. In cases like those illustrated in the last three lines of 
Fig. 6 and the first line of Fig. 7 this corner is quite rounded and the potential 
leads over some tens of milliseconds into the spike. But in many cases it is 
characteristic that this corner is quite square. That is, there is no forewarning 
of the spike, even a fraction of a millisecond before it is well on its way (last 
two lines of Fig. 7, Figs. 8, 10). 

It may be well to segregate here the evidence which suggests that there can 
be more than one input to the same cell, at least in many cases. This is 
important for the picture which must be gradually pieced together of the 
functional organization and connexions among the ganglion cells. As indicated 
already by Hagiwara & Bullock (1957), gradually increasing the intensity of 


stimulation of the whole ganglion sometimes results at a certain critical 
intensity in all or none response of a given cell in the form of a single synaptic 


potential. But frequently the response occurs in two steps. At a lower thres- 
hold one synaptic potential occurs and at a higher threshold another of a 


‘different size is superimposed. We cannot exclude the possibility that there 


may be three such thresholds, but we do not have clear enough evidence on 
this point. Since the response at the higher threshold is superimposed on that 
at the lower, we may obtain the respective amplitudes of the two responses by 
comparing the response to the lower intensity stimulus with the response to 
the higher minus the response to the lower. They prove to be of different 
amplitudes. It is clear that there must be more than one source of afferent 
activity impinging upon the cell from which we are recording. The number of 
sources of input, however, must be small. 

The normal burst in the follower cell, as shown in Fig. 2, is made up of 
synaptic potentials of different sizes and shapes, especially in the ganglion in 
the freshest condition. In some cells tiny and brief potentials contrast with 
large, rounded forms and intermediate sawtooth deflexions. Large synaptic 
potentials may cease abruptly and small ones continue or the two may shift in 
relative position in the burst. One may rebound sooner or higher than the 
other after inhibition. These sources of input are distinct from those activated 
by stimulation of the extrinsic inhibitor and accelerator nerves coming from 
the central nervous system, which will be treated in a separate communication. 
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Evidence of separate impulses simultaneously or non-simultaneously 
in the same neurone 

The finding is commonplace that two separate spike-like events may occur 
in the same soma, of different size and frequency or probability of occurrence 
(Fig. 3 and last line of Fig. 6). A moment before Fig. 6 was taken the two 
spike-types differed in frequency by almost 3:1. They are independent events 
and can occur far out of phase or simultaneously. This is most easily seen in 
the present illustrations in the last line of Fig. 6, where the third large spike 
and the second small spike coincide in time. Not quite coincident spikes are 
seen in the last line of Fig. 3, where one small spike occurs on the falling phase 
of another, bringing to mind the similar situation in the type D cells discussed 
above and illustrated in Fig. 7. 

These deflexions are brief and ‘all-or-none’ and are regarded as spikes, since 
we have direct evidence in some records that each one results in a propagated 
impulse as recorded by external electrodes. It is corroborative in this 
connexion that Maynard (1954) reported seeing more spike types in his 
records taken with external electrodes on the ganglion than there were cell 
bodies in a portion of the ganglion experimentally isolated, in some cases. 
This finding may well represent the initiation of more than one type of spike 
in some of the neurones. The explanation (see further under Discussion, p. 360) 
depends upon the presence of more than one axon-like process capable of 
propagating an impulse. It does not, however, state which way this process 
conducts nor where the impulse arises, except that the separate impulses must 
arise in separate loci. 

There is some interaction between separate spikes. In the last line of Fig. 6, 
for example, the smaller spike can at certain times prevent the occurrence of 
the larger. This happens not by occurring just before the next large spike due, 
but when the small spike occurs some time ahead of the next large spike due. 
Possibly the rather slight and slow hyperpolarization following the small spike 
resets the level of the prepotential of the large spike. When the two occur 
simultaneously, the hyperpolarization is greater and the interval before the 
succeeding spike is greater than usual. In this case we see three different rates 
of rise of pacemaker potential—that following the small spike, that following 
the first of each pair of large spikes, and that following the second. Possibly 
the two large spikes are themselves independent events of separate anatomical 
origin. 

The separate regions and events leading to initiation of impulses are further 
emphasized by the not infrequent observation that all the interburst spikes of 
a type C cell are similar in size but are different and usually smaller than the 
spikes characteristic of the bursts, when both types occur. 
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Results of stimulation of the ganglion or its branches 

A few additional forms of activity may be mentioned. These have been seen 
as a consequence of stimulating the ganglion with extracellular electrodes on 
the whole ganglion or one of its branches. Hagiwara & Bullock (1957) have 
already mentioned some results from stimulating with long pulses intra- 
cellularly while recording extracellularly. They observed (1) modulation of the 
frequency of spontaneous activity presumed to originate in the stimulated 
cell; (2) with external stimulating and internal recording electrodes, they 
observed a response believed to represent a cellulipetal impulse. Extracellular 
stimulation has been reported also by Maynard (1954) as it affects the activity 
of the whole ganglion or of several cells, recorded extracellularly. 


Fig. 9. Repetitive stimulation applied to & branch of the ganglion while recording in a follower 
cell of the lobster. Stimuli of one polarity (downward artifacts) elicit a small synaptic potential! 
at adequate intensities. Stimuli of the other polarity at low intensity produce a smal! 
synaptic potential, presumably indirectly via a presynaptic pathway of low effectiveness. 
Higher intensities bring in a new orthodromic pathway producing a larger synaptic potential! 
and occasionally spikes. Repetitive firing in the presynaptic pathway is indicated and 
different spike heights and thresholds are illustrated. Scale: 10 msec. 


Stimulation which is believed to be indirect is illustrated in Fig. 9. Here 
externally applied stimulation in one polarity results in an all-or-none, small, 
synaptic potential after a short latency (several milliseconds), seen in the figure 
as a strong white band where repetitive stimulation has superimposed many 
responses. Reversing the polarity of stimulation evidently brings in a new 
unit, effective upon the cell from which we are recording, and a larger synaptic 
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potential is seen, with spikes rising from it. This gives evidence of more than 
one input path to this cell. Furthermore, in this second polarity of stimulation 
the cell fires two or three times, as though it were bombarded by as many 
arriving presynaptic impulses. From many of these repeated synaptic 
potentials spikes arise, but they arise at different amplitudes of synaptic 


my Pipe though in each case apparently near the peak of that potential. 


is may mean different spike-initiating loci with different threshold synaptic 
potentials, as seen from the soma. 


Fig. 10. Burst discharge elicited by single shock in the type D unit of the crab. The first burst in A, 
the second in B were the result of stimulation applied through macro-electrodes to the 
middle of the ganglion. The shock artifact can be recognized by a triangular downward 
deflexion. Scale: 50 mV, 
200 msec, 


The tendency to repetitive activity following a single stimulus takes another 
form also, as shown in the experiment of Fig. 10. Here a single shock to the 
middle of the ganglion results after a long latency in a burst of spikes of 
increasing frequency and abrupt termination. Except for the initial lowest 
frequency portion of the burst, this burst is very similar to the spontaneous 
bursts representing successive heart beats. The last line of the figure shows that, 
for some time following the spontaneous burst, the cell penetrated will not 
respond to the same externally applied stimulus. 

In still other cases a series of three or four bursts s one or two seconds 
apart may occur following each single shock. The spontaneous bursts in these 
cases are very far apart and cannot be confused with those pista Nose 
lation. The first burst following the stimulus may have a latency veral 


tenths of a second. 
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These results indicate that lasting activity can result from a single shock as 
a consequence of a complex alternation between tendency to fire and depression 
following firing. The latter is directly shown in the experiment of Fig. 11 where 
a test shock occurring at regular intervals is preceded at varying intervals by 
a burst which in this case is elicited as the rebound from a period of imposed 
inhibition. It will be seen that the test shock results in a diminished response, 
in fact one with only synaptic potentials and no spikes, when the rebound 
burst precedes it by too short an interval. There is thus a depression lasting 
some tenths of a second after such a burst. 


Fig. 11. The excitability cycle following autonomous activity; a simplified type A unit in the 
The ganglion is under inhibition by repetitive stimulation to the inhibitory axon from 

the central nervous system, during the period of the serrated base line. A post-inhibitory 
rebound burst is used as conditioning activity and at different intervals thereafter a single 


test shock is delivered to the middle of the ganglion. A pure test-stimulus-artifact is seen 
during inhibition. Scale: 10 mV, 1 sec. 


Elsewhere it is reported (Maynard, 1954; Terzuolo & Bullock, unpublished) 
that post-inhibitory rebound sometimes takes the form of a succession of five 
or six bursts, each similar to a normal heart beat. We cannot, however, yet 
explain the tendency for the ganglion to respond with intermittent bursts in 
terms of the demonstrated parameters of the cellular units. 
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DISCUSSION 

The main findings reported in this second exploratory survey of the activity 
of the ganglion cells in the lobster cardiac ganglion with the aid of the intra- 
cellular electrode are the following. There are several kinds of activity which, 
though at least partly interchangeable, are typically characteristic of certain 
cells. The diverse forms of activity appear to be reducible to two principal 
types, that characterized by deflexions, here called synaptic potentials and 
believed to be driven by presynaptic influx, and that initiated by a slow de- 
polarization which resembles the pacemaker potential of Hutter & Trautwein 
(1936) (cf. also Eyzaguirre & Kuffler, 1955a, 6), and is believed to represent 
truly spontaneous activity of the penetrated neurone. 

Different presynaptic pathways of quite different degrees of effectiveness 
converge upon the same follower cell. The resulting synaptic potentials are of 
quite varying shape; their declining phase as seen in the soma must often be 
more than passive. They vary also in other properties: some facilitate, some 
‘defacilitate’ (Hagiwara & Bullock, 1957) and some do neither at a low 
repetition rate. The synaptic potentials algebraically sum with each other and 
with a possibly separate long-lasting depolarization which is found in some of 
the cells but not in others. Synaptic potentials large enough to elicit spikes 
never seem to be so small, as seen by an electrode in the soma, that we must 
believe the synaptic region is far from the soma. This is in contrast to pace- 
maker potentials. Spikes take off at moments which are no simple function of 
membrane potential but perhaps of this level and an excitability which is 
some complex function of recent events. 

Pacemaker potentials take a variety of forms as well as amplitudes, and we 
are led to conclude that regions capable of pacemaker activity leading to the 
initiation of spikes exist in portions of the neurone far from the soma. 
A potential is often interposed between the pacemaker potential and the spike; 
it is here regarded tentatively as a local response of the soma or nearby 
processes to a critical level of pacemaker potential (cf. Arvanitaki & Chala- 
zonitis, 1955; Tauc, 1955; Purpura & Grundfest, 1956; Grundfest, 1957). It is 
a depolarization of some tens of milliseconds, but may be much longer, which, 
if the spike fails to arise, is capable of initiating the strong repolarization 
from which the next slowly depolarizing generator can begin. The spike itself 
is therefore not the necessary culmination of the relaxation oscillator cycle but 
is a second order and facultative process, even though its appearance has some 
effect upon the rhythm. Occasionally slow undulatory potentials of the order 
of several hundred milliseconds peak-to-peak time have been encountered. 
Like the usual pacemaker potentials, these lead to activity at the phase 
of maximum depolarization, but the repolarization in this case is as slow 
as the depolarization. The repolarization following a single spike or group 
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of spikes takes various forms and is sometimes quite slow in reaching its 
maximum. 


Consistently with most current usage, it is proposed to distinguish, under the general concept 
of generator potentials (Granit, 1947; Eyzaguirre & Kuffler, 1955a, 6), two classes: receptor 
potentials (Gray & Sato, 1953) and pacemaker potentials (Hutier & Trautwein, 1956). The 
former, including the subthreshold, transducer response of a single visual unit, stretch receptor, 
etc., may be maintained, may be too small to elicit the latter or may elicit and control the latter. 
The pacemaker potential is at least one step further removed from the environmental factor, is a 
continually changing potential whose time course, while controlled by membrane potential, is also 
determined by other special and localized properties within a pacemaker cell and is, so far as 
known, always rhythmic. It may follow a receptor potential or may occur in ‘spontaneous’ cells. 
Although the evidence is still meagre, there may be recognized sinusoidal as well as the «ual 
relaxation oscillator form of pacemaker potential. 

All these forms of generator potentials are to be distinguished from those other graded potentials 
subsumed under synaptic and local (non-synaptic) potentials. The latter still lack a distinctive 
name and aro the hardest to characterize by positive common denominators. They are repre- 
sented by the prepotential that intervenes between pacemaker potential and spike in the lohster 
cardiac ganglion spontaneous cells. 


At least two separate impulses can originate at different places in the same 
neurone and occur simultaneously or at any phase relation to each other. 
These are believed to arise in the processes just outside or some distance away 
from the soma and in most cases (types A, B, C) cannot invade the soma except 
as small 5-20 mV spikes which can therefore sum. In one type of cell (type D), 
invasion of the soma is possible, so that 50-70 mV overshooting spikes occur. 
Hagiwara’ & Bullock (1957) discussed the small size of the spikes as seen by 
an electrode in the soma (types A, B, C) and concluded that this is due to an 
unfavourable factor of safety normally preventing the spike, which is full sized 
and overshooting in the axonal process, from invading the soma, except as a 
small electrotonically conducted fraction. This was believed to be an important 
property contributing to the integrative capabilities of the neurone. We now 
see that it also permits the occurrence of more than one impulse in the same 
neurone, since separate processes, with their own spike-initiating loci, can be 
occupied by separate impulses at the same time or at different times, and these 
will not meet and clash as full-sized spikes. In the soma they will each occur 
as an electrotonic fraction of size depending on the particular safety factor and 
geometric relation between that process and the soma. Thus they can alge- 
braically add in the soma—and many of our large spikes apppear to be the 
result of simultaneous occurrence of separate impulses initiated presumably at 
the base of their respective processes under the influence of the common slow- 
potential shift of the soma. Those which occur at quite different times lead us 
to believe that there are spike-initiating loci far from the soma or at least 
capable of initiating impulses under influences other than those seen by an 
electrode in the soma. It may be useful to summarize here some further 
evidence concerning the loci of spike origin. 
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(1) Type D activity frequently arises without detectable slow depolarization, 
although it is believed to be spontaneous activity. The interpretation is 
suggested that a typical pacemaker potential occurs somewhere near the 
region of initiation of the impulse, but that this is some distance from the soma, 
in which our electrode lies (Fig. 7). 

(2) In Figs. 3 and 7 we have called attention to the fact that spikes may 
arise at various phases: after a preceding spike. The most remarkable cases are 
those in which the second spike occurs during the falling phase of the first, but 
others occur later during the maximum hyperpolarization following the first 
spike. These facts are believed to mean that the two spikes converge upon the 
so¥ia from quite separate axonal processes. 

(3) In Figs. 2-5 are illustrated widely varying degrees of slow or accumu- 
lating depolarization. In some, like Fig. 2, it seems to be necessary that a very 
considerable degree of depolarization be achieved in order to initiate a spike, 
whereas in other cases a very small degree of slow or accumulated depolariza- 
tion, as seen in the soma, is necessary. Again it seems most believable that the 
spikes are not greatly different in the requirement for their initiation, but that 
our electtode is in some cases closer to the region of initiation of the spike than 
in others. 

The evidence suggests that the loci of spike initiation may be separate from 
those of pacemaker and of synaptic potential maxima. These conclusions find 
very satisfactory anatomical substrata in the descriptions of the form of the 
cells by Alexandrowicz (1932). The cells may have two or three or more 
processes; these bear both collaterals and finely arborizing, possibly dendritic 
branches near and far from the soma (Fig. 1). , 

A remarkable corollary of these properties is the occurrence of brief bursts 
of very high frequency apparently spontaneously arising in a single neurone 
(type D). If this means separate impulses are arising at different loci in the 
several processes of the cell, then these are arising in the same phase relation 
time after time, for these bursts may recur with a consistent pattern of spikes. 

The form of activity thus described might be supposed to arise from another 
neurone which is driving this one so powerfully that there is no shoulder 
representing a synaptic potential even with high-frequency discharge. This 
seems a priori unlikely, and in a number of cases where we recorded with 
extracellular monitoring electrodes in the region of the cell there was no 
consistent spike in the extracellular record preceding each spike in the intra- 
cellular record. We cannot, of course, rule out on this evidence the possibility 
of a pacemaker driving the cell from which we are recording but not situated 
so as to permit our extracellular monitor to see it. 

Another interpretation may be that this form of activity arises in the cell 
from which we are recording, i.e. that this is a spontaneous cell. The frequently 
minute size or virtual absence of a pacemaker potential preceding each burst 
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then presents a problem. We may propose that the pacemaker regions of the 
neurones are some distance from the somata, out in processes equivalent to 
dendrites or receptor axon terminals. It will be remembered that invertebrate 
neurones are not typically, like those of vertebrates, provided with numerous 
short dendrites springing from the soma and a single efferent process. Most 
neurones of higher invertebrates are monopolar with a long stem process which 
branches into two, and each of these processes bears both collateral and 
terminal ramifications, some presumably afferent and some efferent. The 
neurones described in the cardiac ganglion of decapods (Alexandrowicz, 1932; 
Maynard, 1954) are not typical monopolars (see Fig. 1). Many of them are 
bipolar or multipolar, but it is quite possible that afferent ramifications ‘or 
pacemaker regions and spike-originating loci occur at some distance from the 
soma so that a spike can be conducted toward a soma rather than only 
cellulifugally. 

Since we conclude that this type of activity is spontaneous, presumably it is 
driving other neurones and hence the name given to it. As many as three 
posterior cells behaving as type D units have been penetrated in the same 
specimen. Taken together with the large sample of these cells in other speci- 
mens, we believe this is the only type represented among large cells in this 
region of the crab. We do not have as yet conclusive evidence that these are 
the pacemakers for the normal bursts, but this is likely. They are spontaneous; 
they are apparently not followers. And transection of the ganglion typically 
stops all firing in anterior and middle segments while posterior firing continues. 
Contractions of myocardium survive anterior ganglionic damage but not 
posterior except as reflex responses to mechanical or electrical stimulation of 
the isolated anterior and middle region. 

We cannot, with the parameters and connexions demonstrated thus far, 
account fully for the intermittent production of a patterned burst of the whole 
ganglion repeated for hundreds of cycles. But the role or importance of many 
of the described properties is clear. These results would seem to emphasize the 
existence of a number of degrees of freedom of subthreshold activity and 
impulse initiation in the single neurone. These, taken together with others 
(Bullock, 1957), would seem to provide at least a number of the parameters 
permitting integration at the unit level. . 


SUMMARY 


1. Further studies are reported of the internally recorded activity of cardiac 
ganglion cells in lobster and crab, chiefly based upon intrinsically arising 
activity but including some stimulation experiments. 

2. Spontaneous cells exhibit widely varying amplitudes and forms of pace- 
maker potential, as seen in the soma. In some there is virtually no visible 
prepotential anticipating the spike. It is concluded that pacemaker loci may 
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be close to the soma or far from it and there may be more than one in a 
neurone. Rarely, undulatory prepotentials have been seen. They are accessible 
to spikes and to synaptic potentials, since these can reset the rhythm. 

3. Posterior and probably pacemaker cells in the crab differ from all others 
seen in the full invasion of the soma by the spike potential. Spikes seen in the 
soma, presumed to arise at some distance, as a result of pacemaker action, 
hence spontaneously, may recur in characteristic bursts within which some 
grow out of the falling phase or of the hyperpolarized phase of the preceding 
spike. These high-frequency clusters of spikes suggest an intracellular basis for 
the primary patterning of the normal output of the ganglion. 

.4. Interposed between pacemaker potential and spike there often is seen 
a distinct deflexion, here called a local response to a critical level of the 
preceding potential, occurring in soma or nearby processes. It may or may 
not trigger a spike; it varies widely in duration; it can initiate the repolariza- 
tion necessary to start the next pacemaker cycle. 

5. Influx in presynaptic fibres seems always to produce a distinct synaptic 
potential for each arriving impulse, but of widely varying shape and size, 
seen in the soma. Some facilitate, some ‘defacilitate’, some do neither in a 
physiological frequency range. Apparently each presynaptic pathway has 
a characteristic effect in these terms. Unlike some pacemaker loci, the 
synaptic loci most effective in triggering spikes seem more commonly to 
be fairly close to the soma. 

6. At least two separate impulses can co-exist in the same neurone, without 
interference. These are interpreted as arising in and occupying separate axonal 


processes. 
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The presence of y-aminobutyric acid in brain was discovered in 1950 by 
Awapara, Landau, Fuerst & Seale (1950), Roberts & Frankel (1950) and 
Udenfriend (1950). In 1953 Florey (1953, 1954) reported the presence in 
mammalian brain and spinal cord of a factor, Factor I, which inhibits the 
generation of impulses by stretch receptor neurons of the crayfish. Prepara- 
tions from brain containing Factor I have been reported to exert various 
marked effects on nervous organs in marine organisms (Florey, 1956) and in 
mammals (Florey & McLennan, 1955, 1956). 

An assay procedure for Factor I was developed by Elliott & Florey (1954) 
who noted that most of the Factor I present in brain is held in an inactive form 
from which it can be released by mild procedures, Bazemore, Elliott & Florey 
(1956, 1957) purified Factor I from brain and obtained crystals which showed 
the highest activity yet obtained and which were identified with y-amino- 
butyric (GAB). It was estimated that the amount of GAB found by others to 
be present in brain could account for the total Factor I activity which is 
extractable from brain. It is possible, therefore, that this naturally occurring 
amino acid may be of importance in the regulation of physiological activity in 
brain tissue. 

In the present studies we have observed the effects of GAB upon cortical 
sensory evoked potentials, recruiting responses, and spontaneous electrical 
activity of the cerebral cortex in the cat. 


METHODS 
Experiments were carried out on twenty-four cats. Most of them were immobilized by partial 
coagulatjofi of the medial portion of the brain stem at the level of the superior colliculus (stereo- 
taxic co tes, frontal 1-2, horizontal -3, lateral 1-3 on both sides of the mid line). Thiopentone 


(Penta; Abbott Laboratories) anaesthesia was employed before brain stem coagulation in 
Kanazawa, Japan. 
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these animals. Experimentation began at least 2 hr later without further administration of 
anaesthetic. Pentobarbiténe (Nembutal, Abbott Laboratories) anaesthesia was used in a few 
animals, 

The anterior portion of the cortex was exposed on one side. By means of the stereotaxic 
instrument, the tips of bipolar stimulating electrodes were placed in the somato-sensory nucleus 
of the thamalus (ventralis posterior) to elicit cortical sensory evoked potentials, and in the intra- 
laminar system of the thalamus for producing cortical recruiting potentials. 

A leucite ring with an inside diameter of 4 mm and a depth of 2-5 mm was held with a light 
pressure upon the cortical surface to be studied, for the purpose of preventing spread of the 
solutions applied to the surface and to make possible the maintenance of a constant concentration. 
Evoked potentials were led off by means of a unipolar silver wire electrode placed on the cortical 
surface inside the ring. Additional electrodes were placed outside the ring for the purpose of 
control. In some experiments fine electrodes, made of glass pipettes or tungsten wire, were 
inserted beneath the surface at depths measured with a micromanipulator. The reference electrode 
was a screw in the skull over the frontal sinus. 

For electrical stimulation, square waves of 0-05—0-1 msec were used for sensory evoked potentials 
and direct cortical stimulation. Durations of 1-2 msec were used for recruiting responses. Shock 
artifacts were minimized by the use of an isolation transformer. Potentials were recorded by 
means of condenser-coupled amplifiers (time constant 0-2 sec) led to a Dumont dual beam oscillo- 
scope. Ink-writer tracings were obtained simultaneously by means of an Offner Type T EEG 
apparatus. 

y-Aminobutyric acid, which will be referred to as GAB, was used in concentrations of 
0-02-1 % in physiological saline solution: a 1% solution was used except when otherwise indicated. 


RESULTS 
Sensory evoked potentvals 

The primary evoked potential complex recorded from the surface of the 
sensory cortex in response to a single brief shock in the sensory nucleus of the 
thalamus consists of an initial surface positive potential followed immediately 
by a surface negative wave (see Figs. 1, 2, 9 and 10). One or more brief spikes 
may be superimposed upon the descending limb of the surface positive 
deflexion (negative deflexion recorded in an upward direction in all figures). 
The surface positive phase of the response is considered to represent post- 
synaptic activity in the depths of the cortex, while the surface negative phase 
represents conduction of the response toward the cortical surface. The latter 
wave has been considered to be a dendritic potential by Chang (1953), Bishop 
(1956), Bishop & Clare (1952), Clare & Bishop (1955) and others. The upward 
conduction of this wave is believed by Eccles (1951) to take place in a multi- 
synaptic chain of small interneurones. 

Topical application of GAB to the sensory cortex resulted in a rapid decrease 
in the surface negative phase of the evoked potential with an apparent small 
increase in amplitude of the surface positive phase, without change in the 
superimposed spikes. A typical example is shown in Fig. 1. In addition, there 
was a prolongation of the surface positive wave and the appearance of a slow 
negativity. 
Depression of the surface negative wave occurred within 2 sec after the 
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application of GAB under most favourable conditions. The prolongation of the 
surface positive wave, and the appearance of late slow negativity, required 
a longer time. Washing the substance from the cortex resulted in rapid 
recovery of the original wave form depending upon how long the substance 
had been applied. In Fig. 1 the substance, in 1% solution, was applied for 
3 min; recovery occurred within 1 min after it was washed off. With pro- 
longed application, up to 90 min, no further change occurred in the primary 
evoked potential complex. Recovery required as long as 60 min following 
such a prolonged application. 


Fig. 1. Primary sensory @voked potential. Each column presents five consecutive sweeps at 
intervals of 1-75 sec, in order from below upward. A, control records before GAB was 
applied; B, consecutive records taken immediately after 1% GAB was applied, as indicated 
by the mark in the left-hand lower corner; negative waves were completely suppressed within 
5 sec and positive waves were prolonged and increased slightly in amplitude; C, records at 
3 min—no further change in the effect of GAB as compared with B; D, recovery of negative 
waves after washing off GAB for 2 min. 


In order for these changes to occur as described, it was necessary to maintain 
a good general condition of the animal and of the cortical surface. If the 
animal was in poor condition, with a low voltage response requiring an 
increased stimulation voltage, the effects upon the surface negative wave were 
minimal; the surface positive wave was not increased in amplitude or pro- 
longed in duration. 

Following the primary evoked potential complex there occurs, under certain 
conditions, a repetitive series of waves which has been called the sensory 
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after-discharge by Adrian (1936) and studied by Bremer & Bonnet (1950), 
Chang (1950) and Bremer (1952). This after-discharge occurs following a delay 
of about 100 msec as shown in Fig. 2 C. It is not always present or occurs at 
a more rapid frequency in the unanaesthetized animal, and is more commonly 
observed with the animal under barbiturate anaesthesia. 


0-1 sec 200,V 

Fig. 2. Enhancement of sensory after-discharge by GAB. A, control record with no after-discharge 
and prominent negative wave in evoked potential; B, 16 min after the application of 1% 
GAB after-discharge appeared with small amplitude; C, marked after-discharge with o 
maximum suppression of the negative wave of the evoked potential at 23 min—GAB was 
kept in place until 90 min; D, at 30 min after GAB was washed off the after-discharge 
disappeared while the negative deflexion of primary complex remained still suppressed ; 
E, restoration of the normal form of the primary sensory discharge at 60 min after removal 
of GAB, 


The sensory after-discharge was enhanced after topical application of GAB. 
This effect appeared later than the depression of the surface negative wave of 
the primary evoked potential complex (Fig. 2 B, C). The enhancement of the 
after-discharge disappeared quickly following removal of GAB, before the 
recovery of the surface negative wave of the primary evoked potential complex 
(Fig. 2 D). Another example of increased after-discharge is shown in Fig. 4, 
in relation to increased spontaneous activity in the e.e.g., which will be 
discussed later. | 
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The recruiting response 

The recruiting response of the cortex is produced by repetitive stimulation 
of the intralaminar system of the thalamus at frequencies of 6-12/sec. It is 
closely related to rhythmic waves which occur in spindles (‘spindle bursts’) in 
the spontaneous activity of the cortex. The recruiting waves are thought to be 
mediated over separate unspecific projection fibres from the thalamus (Han- 
bery & Jasper, 1953). They consist of a series of predominantly surface 
negative waves increasing in amplitude at the onset of repetitive stimulation, 
then decreasing in a waxing and waning manner with continued stimulation. 


A 


0-1 sec I 


Fig. 3. Effect of GAB on recruiting response. In each record the upper channel was recorded 
from the suprasylvian gyrus (control point) while the lower channel was from the post- 
cruciate gyrus (test point), Typical recruiting responses with predominantly negative ex- 
cursions are seen in both channels in A. The recruiting response from the test area (lower line) 
was reversed in phase and increased in amplitude at the end of application of 1% GAB for 
3 min (B). Recovery 8 min after washing is shown in C, 


The surface negative wave of the recruiting response is analogous to, and 
interacts with the surface negative wave of the specific evoked potential 
complex, probably utilizing at least some of the same neuronal elements of 
the cortex. Both have been considered to represent activity in superficial 
cortical dendrites (Bishop, 1956). 

Topical application of GAB reverses the polarity of the recruiting waves, 
making them surface positive, as is shown in Fig. 3B. There is also a lengthening 
in the duration of each wave. The amplitude of the surface positive recruiting 
_ waves, under the influence of GAB, is usually greater than the normal surface 
negative response. These changes, as correlated with alterations in spontaneous 
activity, are illustrated in Figs. 5 and 6. ) 
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Effect of GAB upon spontaneous cortical rhythms 
In the cat with a mesencephalic coagulation the spontaneous electrical 
activity of the cortex is characterized by spindles of rhythmic waves at 
6-10/sec, with some rhythmic activity in the background at other frequencies. 
Following application of GAB 1%, solution, in a favourable preparation, there 
was about a twofold increase in amplitude of all forms of spontaneous activity, 


250 nV 
1 sec 


Fig. 4. Augmentation of spontaneous activity and sensory after-discharge due to GAB. Two 
channels in each record show the activities of two different areas in the somato-sensory 
cortex. A, control record before the application of 1% GAB; B, 8 min after the application 
all kinds of activity of the test area showed an augmentation, mainly in the direction of 
positivity ; GAB was left for 30 min on test area (channel 2); C, recovery 30 min after washing. 


without a change in frequency (Fig. 4). In some cases large slow waves ap- 
peared, similar to those seen in the e.e.g. during sleep (Fig. 5). There was also 
a reversal in polarity of the spontaneous spindles so that they became mainly 
‘surface positive, as shown in Fig. 6B, with no change in other forms of 
spontaneous activity. 

All the above changes in spontaneous activity were completely reversible 
following removal of GAB and washing the cortex with saline solution. The 
increase in spontaneous activity was observed to occur in some experiments 
within 15 sec after application of GAB to the cortical surface. 

Coincident with the increase in spontaneous activity there was an increase 
in voltage of the recruiting response, and an increase in the sensory after- 
discharge, as shown in Figs. 4-6. In some experiments there was less effect 
of GAB than shown in these illustrations. In these instances there was also 
less effect upon the recruiting response. However, the sensory after-discharge 
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Fig. 5. Activation of slow waves by GAB. Channels 1-3 were derived from the ectosylvian, 
suprasylvian and post-cruciate gyrus respectively. No marked slow waves can be seen in 
the control record taken before 1% GAB was applied (A). One minute after the topical 
application slow waves were recorded in the test area only (channel 2). Note the reversal of 
phase of recruiting response and of spindle burst. 


-——H4 1 sec 
Fig. 6. Spindle burst and recruiting response under the influence of GAB. Channels 1 and 2 were 
derived from lateral and post-cruciate gyrus respectively. Record A shows the activity 
before GAB was applied. At 1 min 30 sec after 1% GAB was topically applied, recruiting 
response and spindle burst were completely reversed in phase and increased in amplitude 
(B, channel 1), while there was no marked augmentation in the other kinds of spontaneous 
activity. 
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was consistently increased in spite of little effect upon spontaneous electrical 
activity. Effects upon spontaneous activity could be dissociated from the 
effect upon sensory after-discharge, as was shown in Fig. 2. 


Effect upon ‘dendritic’ response to direct cortical stimulation 

The local electrical response of the cortex to direct surface stimulation 
results in an initial surface negative wave which may be recorded only within 
5-10 mm from the site of the stimulating electrodes (Adrian, 1936; Burns, 
1950, 1951; Chang, 1951). It is considered to be a response of the apical 
dendrites of the cortex, either activated directly or via a synapse (Purpura & 
Grundfest, 1956). With stronger stimulation the surface negative wave is 
followed by a surface positive wave which is considered to be associated with 
conduction of activity to deeper layers of the cortex. 

In order to determine the effect of GAB upon the dendritic response, a pair 
of stimulating electrodes, separated by less than 1 mm, were placed on the 
cortical surface within the enclosure of the ring. A small recording electrode 
(100 mu diameter) was placed between them within the ring. Another 
recording electrode was placed immediately outside the ring to obtain con- 
ducted responses in adjacent cortex not directly affected by the application 
of GAB in the enclosure. 

The effect of GAB was to suppress completely the local negative wave 
leaving only a later surface positive deflexion, as shown in Fig. 7. There was 
no effect upon the response recorded immediately outside the ring. 

The set-up was then reversed, with the stimulating and local recording 
electrodes outside the ring. The distant recording electrode was then placed 
| so the ring. Placing GAB in the ring then had no effect upon the local 


outside, but suppressed completely the distant negative Tespongg_ 


~~ from the ring, leaving a small surface positive deflexion, as shown in 
Fig. 

It is apparent that the superficial local dendritic response of the cortex is 
very sensitive to the effect of GAB, while the surface positive wave, presum- 
ably of deep origin, remains present. Furthermore, the effect of GAB remains 
localized to the site of application. It does not seem to diffuse outside the 
confines of the ring on the cortical surface, nor does it affect activity in the 
depths of the cortex. 

The distant response obtained outside the ring may have been due to spread 
of stimulating current under the ring to cortical tissue which was not depressed 
by GAB, and then conducted to the outside recording electrode about 4 mm 
distant. The delay of about 3 msec between the inside and outside response in 
Figs. 7 and 8 would imply a conductibn velocity of about 1-3 m/sec, which is 
of the right order of magnitude for conduction velocity of the ‘dendritic 
response (Chang, 1952). On the other hand, the conducted wave may be due to 
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excitation of presynaptic fibres beneath the depressed surface permitting 
conduction to the surface at a distance where superficial layers were not 
affected by GAB. This would be in accord with the interpretation of such 
responses given by Purpura & Grundfest (1956). 


Effect wpon superficial and deep components of the sensory evoked potential 

The form of the primary sensory evoked potential as described above is 
altered when it is recorded from the depths of the cortex with a fine pene- 
trating electrode. At a depth of 0-7—1-0 mm beneath the cortical surface, the 
initial surface positive deflexion becomes reversed in polarity to become a 

rger deep negative wave (Li, Cullen & Jasper, 1956a, 6). There is also a 


Fig. 7. Dendritic response at the site of stimulation affected by GAB. Each column shows five 
consecutive sweeps made at an interval of about 0-8 sec (read from below upward). The 
upper record is from the site of stimulation and the lower record from the point 3mm 
distant. The control records are in the left column. 1% GAB was applied at the point of 
stimulation. At 4 min 20 sec negative waves were completely suppressed, leaving the small 
positive deflexions at the site of stimulation. The activity at the remote point remained 
unaffected (middle column). Recovery of normal activity from the suppression at 1 min after 
the brain was washed (right column). 
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reversal of the later surface negative wave to become a smaller deep positive 
deflexion, as illustrated in Figs. 9 and 10, column 1. This deep positive deflexion 
may be considered to be only a reflexion of the surface negative wave and not 
a local deep response. 

Deep responses were recorded in our experiments by means of a fine, 
plastic-insulated tungsten wire with an exposed tip of 4-5 diameter, 
mounted in a micromanipulator and connected to a cathode follower input. 
Surface responses were recorded simultaneously by means of a fine silver 
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Fig. 8. Effect of GAB on the dendritic potential at 3 mm distant from the stimulating electrodes. wave mm 
Four consecutive pairs of sweeps at intervals of 2-2 sec in the left-hand column are for Which r 
control: the upper and lower channels show responses from the distant point and the stimu- ) in surf: 


lation site respectively. At 1-5 min after 1% GAB was applied to the distant point, the 
response therefrom was reversed leaving a small positive deflexion (middle column). The essentie 
right-hand column shows the recovery 11 min after the brain was washed. » GAB tc 
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electrode placed at the site of insertion of the deep electrode inside the leucite 
ring. The effect of GAB applied to the surface was then tested at various 
measured depths in the cortex. 

The deep negative evoked response was not depressed in amplitude by 
surface application of GAB when recording at levels 300 1 or more beneath 
the surface (Figs. 9, 10). In the example shown in Fig. 9, it will be noted that 


Fig. 9. Surface and deep components of the primary sensory evoked potential under the effect 
of GAB. The deep recording electrode was at 1:17 mm below the surface shown in lower 
sweep of each pair. Left-hand column: control before the application of GAB. Middle 
column: effect of 1% GAB 1 min after application; the surface negative responses were 
suppressed, while no marked change was seen in the deep responses except for slowing of the 
descending limbs of the deep negative wave. Right-hand column: recovery after 10 min. 
Note small spike discharges from the deep point in all the records. 


there was a prolongation of the deep negative wave with a disappearance of 
the later deep positive component. The latter was related to the depression 
of the surface negative wave. The apparent prolongatioit of the deep negative 
Wave may have been due only to the depression of the deep positive deflexion, 
which may be only an inverse reflexion of the surface negative wave generated 
in surface cortical layers. Consequently, we can assume that there is no 
essential change in the deep evoked potential subsequent to application of 
GAB to the cortical surface. This is true even when a 1 % solution was allowed 
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to remain on the cortical surface for as long as 30 min. An example of lack of 
effect upon a deep response 500 » beneath the surface is shown in Fig. 10. 

In order to test further the action of GAB upon deeper layers of the cortex 
a glass pipette with an external diameter of 30-40 » was used as a deep 
recording electrode. It was connected with a microsyringe which permitted 
injection of small amounts of solution into the depths of the cortex. A silver 
wire was placed in the pipette to make possible its use also as a recording 
electrode. 


Fig. 10. Simultaneous recording of surface (upper) and deep (lower) component of the primary 
sensory response. The left-hand record is the control. At 1 min 40 sec. after the application 
of 1% GAB, the right-hand record was obtained; there was suppression of the negative 


waves on the surface without any marked change in the depth. Recording of deep response 
was made at 0-5 mm below surface. 


In initial control experiments carried out by injection of 0-0035 ml. saline 
solution at the site of deep recording there was no effect upon deep evoked 
potentials. The injection of 0-0035 ml. (3-5 x 10-5 g) of GAB into the depths of 
the cortex, while recording deep evoked potentials, produced no effect upon 
responses obtained from about 1 mm beneath the surface. With a second 
injection of the same amount or up to 0-01 ml. in the depths, GAB was 
observed to appear in a small drop at the site of insertion of pipette on the 
surface. The surface response was then depressed in the manner described 
above, without evidence of any significant change in the deep response. 

From these observations it was apparent that the depressing action of GAB 
was effective only upon the superficial layers of the cortex, probably chiefly 
upon the first or molecular layer which is composed principally of the termi- 
nations of apical dendrites and small horizontal cells. 
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DISCUSSION 


The sensitivity of the surface negative waves of both the evoked potential and 
recruiting response of the cortex is well known. A depression of surface 
negative waves, similar to that with GAB, can be obtained by surface appli- 
cation of procaine or high concentrations of KCl, by anoxia, or by deep 
barbiturate anaesthesia. Purpura & Grundfest (1956) have recently obtained 
similar depressing effects by intracarotid injection of tubocurarine. 

Although the surface negative wave is the first to be affected by these 
generally depressing procedures, the surface positive waves with activity in 
all cortical layers is eventually depressed as well. This is not true of GAB 
which caused an increase in voltage of certain aspects of cortical response 
(recruiting waves and spontaneous rhythms) associated with the change in 
electrical sign from negative to positive. The enhancement of the voltage of 
spontaneous activity may be considered similar to the effect of light barbi- 
turate anaesthesia or normal sleep, and was also observed by Purpura & 
Grundfest following small amounts of tubocurarine. 

The minimal concentration of GAB which produced appreciable changes in 
electrical activity when topically applied was between 0-02 and 0-2 mg/ml. 
Bazemore et al. (1956) found the minimal concentration for blocking the 
crayfish stretch receptor to be 2 ug/ml. The effects upon evoked potentials 
of neutral saline solutions of alpha-~y-diaminobutyric acid, alpha-amino- 
butyric acid, L-lysine and glycine in solutions equimolar (0-02m) with 2 mg/ml. 
GAB were also tested in preparations giving good responses to 0-2 mg/ml. 
GAB. No obvious effects were obtained with any of these other substances 
with the exception of alpha-y-diaminobutyric acid, which caused similar 
effects but less marked than those described for GAB. 

GAB does not seem to be a general depressant of neuronal function, but 
Seems to depress or block dendritic responses in superficial cortical layers 
selectively. If this negative wave of the evoked potential complex represents 
antidromic activation of apical dendrites from the soma initially excited in 
deeper layers, it may be assumed that GAB acts as a dendritic blocking agent. 
This would imply that the apical dendrites are susceptible to the action of a 
substance which does not have a similar action upon their soma or basal 
dendrites. This may be an unlikely assumption, although it would seem to be 
in accord with the direct action of GAB upon the crustacean stretch receptor 
cells and like the effect of an inhibitory transmitter substance (Kuffler & 
Eyzaguirre, 1955) acting upon a post-synaptic membrane. It may be that 
some microanatomical structures prevent the access of GAB to deep-lying 
cell bodies and their dendrites, although this seems unlikely when the sub- 
stance is injected into the depths of the cortex. 

If the surface negative wave or dendritic response is not due to antidromic 
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conduction from deeper layers, but represents a post-synaptic potential 
resulting from separate synaptic terminals in the superficial cortical layers of 
the cortex, GAB may be a specific synaptic blocking agent. This would be the 
simplest explanation of our results. The present experiments do not permit us 
to draw any definite conclusions regarding the possibility that GAB may act 
in the cortex as an inhibitory transmitter substance, though they are not 
inconsistent with such an hypothesis. 

Our results do suggest that GAB itself, or some closely related substance 
which is. normally present in brain tissue, may be of important functional 
significance in the regulation of cortical function. Furthermore, this substance 
provides a useful tool for physiological investigation of inhibitory and excita- 
tory processes in the cerebral cortex, since it has a remarkably selective 
action upon specific structures in the superficial cortical layers. 

The depression of surface negative electrical activity coincident with the 
enhancement of spontaneous rhythms appears to be the opposite of the effects 
of strychnine which causes a marked increase in surface negative electrical 
activity, while depressing spontaneous electrical rhythms. The possible 
antagonism between strychnine and GAB is being studied in greater detail. 


SUMMARY 


1. The effect of topical application of y-aminobutyric acid (GAB), in 
concentrations of 0-02~1-0%%, was tested upon various forms of cortical! 
electrical activity in the unanaesthetized cat with partial destruction of the 
brain stem at the level of the superior colliculus. 

2. GAB caused an immediate and reversible depression in the surface 
negative component of the primary evoked potential in somato-sensory cortex 
in response to thalamic stimulation. There was a slight increase and prolonga- 
tion of the initial surface positive wave. 

3. There was a marked increase in the repetitive sensory after-discharge 
which follows a single thalamic volley. 

4. The recruiting response was changed from surface negative to surface 
positive polarity of larger amplitude waves. 

5. Spontaneous electrical activity was increased as much as twice in 
amplitude, and the polarity of ‘spindle bursts’ was reversed to a predominately 
surface positive form. 

6. Surface negative ‘dendritic’ responses to local cortical stimulation were 
abolished at the site of application of GAB without affecting these responses 
only 3-4 mm distant from the site of application. 

7. Sensory evoked potentials recorded 0-5-1-0 mau beneath the surface of 


the cortex were not affected either by surface application or deep injection of 
GAB. 
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8. It is concluded that y-aminobutyric acid has a selective depressant 
action upon structures in the most superficial layers of the cortex, perhaps 
only upon the molecular layer, without affecting deeper structures. 


We are grateful for the constant interest and advice given by Dr K. A. C. Elliott throughout 
this study and for providing us with the solutions employed. This work was aided by a grant to 
Dr Elliott from Merck and Co. Inc., who also supplied chemicals. 
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THE BEHAVIOUR OF TONIC « AND y MOTONEURONES 
DURING STIMULATION OF RECURRENT COLLATERALS 


By RAGNAR GRANIT, J. E. PASCOE* and GORAN STEG 


From the Nobel Institute for Neurophysiology, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received 24 April 1957) 


Emphasis in this paper is laid on the physiological significance of the Golgi 
recurrent collaterals. As pointed out by Cajal (1909), recurrent collaterals are 
common throughout the central nervous system and so must be important 
circuit elements. The problem is therefore general, but its limitation to the 
testing of a specific system, the small tonic « ventral horn cells of Granit, 
Henatsch & Steg (1956), has several advantages, among them that these 
motoneurones are entrusted with the relatively well-defined task of main- 
taining the y-controlled postural stretch reflex (Eldred, Granit & Merton, 
1953; Henatsch & Ingvar, 1956; P. Matthews & Rushworth, 19574, 5). An- 
other advantage is the information accumulated by previous studies of moto- 
neurone recurrent collaterals (Renshaw, 1941, 1946; Eccles, Fatt & Koketsu, 
1954; Holmgren & Merton, 1954). The following facts seem particularly 
relevant. 

When the reflex from one fraction of a ventral root is recorded, an anti- 
dromic volley through other filaments of the same root exerts an inhibitory 
effect on it, provided that it precedes the reflex by 1-5-2 msec. The inhibition 
is maximal some 5-10 msec later and lasts, on an average, 40 msec. Sometimes 
slight excitation is seen, but then always with a much longer delay. With 
micro-electrodes in the ventral horn the antidromic inhibition is found to 
coincide with a high-frequency discharge of small cells, now known as Renshaw 
cells, beginning at rates from 1500 to 1000 per sec and then gradually falling 
off. These facts were established by Renshaw (1941, 1946). Using intracellular 
recording from motoneurones Eccles et al. (1954) found the high-frequency 
discharge to coincide with hyperpolarization of motoneurones, and from 
this and the general agreement between the two phenomena concluded that 
the recurrent circuit was inhibitory and made use of the Renshaw cells as 
interneurones., 


* Fellow of the Rockefeller Foundation. On leave of absence from the Physiological 
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Eccles et al. (1954) state that ‘the functional significance of this inhibitory 
pathway from motor axons to motoneurones remains obscure’. Holmgren & 
Merton (1954) set up a sustained reflex discharge by scratching the animal’s 
opposite flank and found that this discharge could be temporarily silenced by 
a volley backfired into a synergist nerve after ipsilateral de-afferentation. 
The effect was seen with a shock as weak as 25° maximal: The length of 
the silent period depended on the balance between excitation and antidromic 
inhibition (cf. Renshaw, 1941). They held that the recurrent collaterals 
exercise a stabilizing influence on the discharge of motoneurones (cf. also 
Hammond, Merton & Sutton, 1956). None of these workers saw Renshaw’s 
excitation. 

Both Renshaw and Eccles et al. failed to detect any definite organizational 
component in the recurrent inhibition other than that it was strictly segmental. 
Within any one segment it was found to operate between extensors as well as 
from flexors to extensors and vice versa. 

In this paper we have not recorded intraspinally but have studied individual 
fibres from the small tonic « cells responding to stretch after appropriate 
potentiation (Granit, 1956; Granit et al. 1956; Granit, Philips, Skoglund & Steg, 
1957). The temporal course of ‘feedback’ action, together with the results of 
Holmgren & Merton (1954), and several facts established below, suggested to 
us that recurrent collaterals are likely to be of greater importance for tonic 
than for phasic activity (cf. Hammond et al. 1956). 

One leading question in this work has been: why should there be a high- 
frequency discharge interposed between cause and effect? From what par- 
ticular functional aspects could it derive its significance; and what about the 
late excitation, lost since the early work of Renshaw? Or, again, assuming the 
feedback to deal with the small tonic « cells, would it also influence the y cells? 
Golgi (1903) pointed out that the terminals of the collaterals spread widely and 
disappear in the network of the grey matter (cf. also Cajal, 1909) so that, as far 
as anatomy is concerned, they may very well connect to y cells. 


METHODS 


All the experiments were made on cats decerebrated by suction between or just in front of the 
colliculi under Thiogenal (Merck, Darmstadt; sodium salt of 5-(2-methylthioethyl)-5-(L-methy]- 
butyl)-2-thiobarbituric acid) anaesthesia. The spinal cord on the side used was de-efferented from 
L5 to the tail end. All leg muscles of the same side were denervated except the ankle extensors. 
These were attached to the isometric strain-gauge myograph without separation of components 
other than plantaris. (Three experiments were carried out without dividing more than half 
ventral L7 and SI. These are described in detail in connexion with Fig. 14.) 

Functional single fibres were isolated in ventral L7 or 81 filaments. Stretch was used to activate 
such fibres reflexly. Invariably 10mm stretch was employed in the standard preparations 
(exception Fig. 14, as described separately below). The rest of the root from which the single fibre 
was isolated was connected to the stimulator for antidromic shocks, triggered at variable intervals. 
Occasionally the antidromic shock was delivered to isolated filaments. 
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Eccles et al. (1954) state that ‘the functional significance of this inhibitory 
pathway from motor axons to motoneurones remains obscure’, Holmgren & 
Merton (1954) set up a sustained reflex discharge by scratching the animal’s 
opposite flank and found that this discharge could be temporarily silenced by 
a volley backfired into a synergist nerve after ipsilateral de-afferentation. 
The effect was seen with a shock as weak as 25° maximal. The length of 
the silent period depended on the balance between excitation and antidromic 
inhibition (cf. Renshaw, 1941). They held that the recurrent collaterals 
exercise a stabilizing influence on the discharge of motoneurones (cf. also 
Hammond, Merton & Sutton, 1956). None of these workers saw Renshaw’s 
excitation. 

Both Renshaw and Eccles et al. failed to detect any definite organizational 
component in the recurrent inhibition other than that it was strictly segmental. 
Within any one segment it was found to operate between extensors as well as 
from flexors to extensors and vice versa. 

In this paper we have not recorded intraspinally but have studied individual 
fibres from the small tonic « cells responding to stretch after appropriate 
potentiation (Granit, 1956; Granit et al. 1956; Granit, Philips, Skoglund & Steg, 
1957). The temporal course of ‘feedback’ action, together with the results of 
Holmgren & Merton (1954), and several facts established below, suggested to 
us that recurrent collaterals are likely to be of greater importance for tonic 
than for phasic activity (cf. Hammond e¢ al. 1956). 

One leading question in this work has been: why should there be a high- 
frequency discharge interposed between cause and effect? From what par- 
ticular functional aspects could it derive its significance; and what about the 
late excitation, lost since the early work of Renshaw? Or, again, assuming the 
feedback to deal with the small tonic « cells, would it also influence the y cells? 
Golgi (1903) pointed out that the terminals of the collaterals spread widely and 
disappear in the network of the grey matter (cf. also Cajal, 1909) so that, as far 
as anatomy is concerned, they may very well connect to y cells. 


METHODS 


All the experiments were made on cats decerebrated by suction between or just in front of the 
colliculi under Thiogenal (Merck, Darmstadt; sodium salt of 5-(2-methylthioethyl)-5-(L-methy]- 
butyl)-2-thiobarbituric acid) anaesthesia. The spinal cord on the side used was de-efferented from 
L5 to the tail end. All leg muscles of the same side were denervated except the ankle extensors. 
These were attached to the isometric strain-gauge myograph without separation of components 
other than plantaris. (Three experiments were carried out without dividing more than half 
ventral L7 and S1. These are described in detail in connexion with Fig. 14.) 

Functional single fibres were isolated in ventral L7 or § 1 filaments. Stretch was used to activate 
such fibres reflexly. Invariably 10mm stretch was employed in the standard preparations 
(exception Fig. 14, as described separately below). The rest of the root from which the single fibre 
was isolated was connected to the stimulator for antidromic shocks, triggered at variable intervals. 
Occasionally the antidromic shock was delivered to isolated filaments. 


4 
“7 
i 


o- 


THE JOURNAL OF PHYSIOLOGY, Vow. 138, No. 3 


| 


‘urveq somo, Aq ydvaZoAul uo pepi00el JO WW QT PUY ‘9 ‘sosned 


(Facing p. 382) 


we 
f 
— 
> 
+ 
‘ 
. 
4 
4 
ar. 
AS 
} P 
ah : 
in 
By 
a> 
y 
> 
i 
‘ 
. 
K = 
4 
By 
om 
a 


> 


of stretch reflex with increase of spindle response. Time for b—e in 50 c/s. 
(See p. 395) 
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Fig. 14. Standard decerebration, but only half 81 and half L7 cut and placed on electrodes for 
antidromic shock. Falling weight adjusted to ‘pull 8 mm and catch after initial free fall. 
a, control stretch of ankle extensors after severance of their nerves at end of experiment. Time, 
100 c/s. Myograph excursion of plateau corresponds to 186 g; 6, stretch reflex to same pull 
adds 86 g; c, same while loading quadriceps with pull while basic stretch maintained ; some 
bursts of antidromic tetani inserted and marked on upper beam; d and e, similar loading of 
quadriceps, better maintained stretch, but now indicator spindle (large spike) recorded on 
second beam instead of shock artifacts. Hence latter not visible when between arrows of d and 
at arrow of e the cut roots are tetanized antidromically at rate 25/sec. Note slow diminution 
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Essentially the technique has been the one described by Granit (1956), the only new feature 
introduced being antidromic stimulation and standardization of the conditions as mentioned above. 

The temperature of the preparation was under permanent control from thermocouples in rectum 
and below the skin of the leg used. It was kept between 38 and 40° C (rectal). 


RESULTS 


(1) General observations. The antidromic shocks were mostly delivered to 
what remained of ventral 81 or L7 when a number of thin filaments containing 
neurones discharging tonically had been dissected out from either root. As will 
be described below, post-tetanic potentiation was used to produce tonic dis- 
‘charges to maintained stretch. There was no exception to the rule that an 
antidromic shock to the rest of the root caused a silent period in this discharge, 
provided the rate of firing was fast enough to show it. The effect varied from 
filament to filament, but in these de-efferented animals it very often proved 
possible to stop the discharge by repetitive antidromic stimulation as in Fig. 1. 

In a number of experiments we proceeded to dissect out thin filaments for 
the antidromic shock in order to find out how the effect was distributed over 
the root. Occasional filaments had no inhibitory effect, others as strong ones 
as the whole root. Between these extremes intermediate values were obtained. 
There is thus convergence of antidromic inhibition (Renshaw, 1941) in agree- 
ment with the convergence upon the Renshaw cells bree gray 1946; Eccles 
et al. 1954; Frank & Fuortes, 1956). 

The results suggested that a tonic discharge to stretch automatically is run 
with natural inhibition from recurrent collaterals. The experiment therefore 
consists in disturbing this process by superimposing additional recurrent 
inhibition, This can be done in two fundamentally different ways: (i) by 
neglecting the natural rhythm of the tonic discharge and thus stimulating 
antidromically at an independent rate ‘out of phase’ with it; or (ii) by locking 
the antidromic shock to the naturally discharging spike so that it always will 
be ‘in phase’ with respect to the latter. Both methods were used. Fig. 1 (a, b) 

_ is from an animal with cerebellar rigidity after anaemic decerebration which 
produces hyperactivity of « neurones, the ‘«-cat’ of Granit, Holmgren & 
Merton (1955). In this preparation, despite de-efferentation, one often finds 
spontaneously discharging neurones such as the one illustrated. The black line 
in a shows the period of antidromic stimulation at rate 12/sec. The discharge 
stopped and, when antidromic stimulation was withdrawn, started after a 
while. The length of the pause produced by antidromic stimulation varied 
considerably and frequently the discharge did not start again unless reflexly 
reactivated as by a pinna twist. Record 6 begins with a repetition of the same 
experiment. When the spike had regained its rhythmic activity, brief anti- 
dromic bursts were elicited in order to demonstrate the pause produced by each 
burst. 
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(2) Cumulative effects. Since all our cats were de-efferented the y loop was 
interrupted. From the work of Eldred et al. (1953) it is known that the sus- 
tained or tonic stretch reflex is weak or absent without y support and this has 
recently been confirmed by P. Matthews & Rushworth (1957) by selectively 
cocainizing the y fibres, and by Henatsch & Ingvar (1956) by suppressing the 
y activity from the central end by chlorpromazine. How then produce the 
sustained discharge to stretch that was necessary for the analysis of antidromic 
inhibition of the small tonic « neurones which maintain the stretch reflex? The 
method was described by Granit (1956) and consists in setting up a state of 
post-tetanic potentiation by a high-frequency tetanus of the large muscular 


afferents. After this, slight pull on the muscle easily elicits a sustained dis- 


charge which in a later paper (Granit et al. 1956) was shown to be specifically 
restricted to the small tonic « motoneurones. Large phasic neurones were also 
potentiated, in spite of which they only responded to stretch with a few initial 
spikes. Stretch of the muscle, if repeated at intervals of less than about 5 sec, 
produced similar potentiations of the tonic cells. In developing this theme 
further it was found that quickly repeated brief stretches could set up equally 
long-lasting or even more enduring discharges than those obtained by electrical 
tetani (Granit ef al. 1957). The interpretation of these authors was that the 
y support, lost by de-efferentation, could partly, at least, be replaced by such 
means. For the present purpose, this experiment suggested an ideal method of 
activating the small tonic « neurones to deliver sustained discharges. 

Since this procedure is essential for the development of our theme we 
reproduce as Fig. 2 a typical experiment. It thus illustrates how the long- 
lasting discharges to stretch were obtained that have been used throughout 
this work for the analysis of antidromic inhibition of the tonic cells. Record a 
is a single 10 mm pull, record 6 two pulls with the third maintained, and 
record ¢ nine pulls with the tenth maintained. We know that a brief pull 
elicits a high-frequency discharge from nuclear bag endings which is silenced 
at the unloading of the muscle (Matthews, 1933, repeatedly confirmed). Thus, 
instead of a continuous tetanus, we have interrupted afferent bursts of high 
frequency. The pauses do not matter at these intervals. In this sense the 
process is cumulative over gaps of afferent silence and it has been found that 
post-tetanic potentiation is cumulative in the same sense (Granit, 1956). 

In Fig. 3 the antidromic shock is locked to the spike, which is kept firing by 
stretch (as in Fig. 2). The five experiments show natural variations of drive, in 
their turn caused by variations in the amount of post-tetanic potentiation. It 
is seen that the silent period lengthens by cumulative inhibition from one spike 
to the next. When the recurrent inhibition in this manner acts ‘in phase’ with 
the natural discharge, it tends to be especially forceful, as clearly shown by 
these records. Resumption of the discharge by double spikes (see below) was 
a characteristic feature of all ‘in phase’ experiments, provided that the level 
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of excitation (see below) was high enough. (It might be observed that in a 
circuit kept in check by ‘negative feedback’, the discharge frequency is no 
absolute measure of excitation.) 


Accepting the present evidence (Renshaw, 1946; Eccles ef al. 1954) that the antidromic 
inhibition is mediated by the Renshaw cells which to each antidromic volley set up high-frequency 
bursts destined for the motoneurones, it seemed a reasonable working hypothesis to expect these 
bursts to inhibit the latter in a cumulative fashion, provided that the intervals between a series 
of antidromic shocks did not exceed a certain value (to be experimentally determined). Dealing, 
as we do, with a tonic discharge and assuming the Renshaw circuit to be operating also under 
natural circumstances it is clear that it would be a mistake to neglect the evidence for the cumula- 
tive nature of effects set up by interrupted high-frequency bursts (see Fig. 2), in trying to assess 
the physiological significance of the recurrent collaterals. It has furthermore been shown by 
Renshaw (1946), confirmed by Eccles et al. (1954) and Frank & Fuortes (1956), that many moto- 
neurones converge towards the same Renshaw cell and so good activation of these cells should be 
ensured by our experimental arrangement. 


Now, in the natural course of events, recurrent effects will both be ‘in phase’ 
and ‘out of phase’, varying with discharge pattern and the number of active 
recurrent collaterals. In the latter case the antidromic volley will elicit highly 
variable effects, owing to the continuously changing time relations between 
shock and tonic spike. However, inhibition should be cumulative over and 
above these variations. Fig. 1, record c, shows such variations together with 
slowly cumulative inhibition of a typical tonic stretch reflex. Fig. 4 is from an 
active animal tending to give grouped spikes which, besides, are discharged at 
higher frequency than in any other of our experiments with tonic spikes. 
Record a is the control, directly continued in 6. Records c and d show with 
double shocks and brief tetani how antidromic stimulation repeated every 
0-3 sec cuts short the discharge. The lengthening of the silent period again is 
cumulative. Very characteristic is the sudden stop. Rebound trebling of spikes 
after the silent periods should be noted. 

Rebound will be discussed below. For the time being we conclude that the 
over-all effect of the Renshaw circuit is inhibitory, at least when dealing with 
this fairly homogeneous system of small tonic « neurones. In suitable cases 
complete inhibition of the discharge may be obtained by firing the antidromic 
shock at rates as low as twice per sec. Sometimes frequencies up to 20/sec 
are needed. At this rate, as shown by Eccles et al. (1954), there could be no 
post-tetanic potentiation at the first synapse, i.e. between motoneurone and 
Renshaw interneurone. On the contrary, the response to the second of two 
antidromic shocks tends to be depressed at intervals up to 100 msec (Renshaw, 
1946; Eccles et al. 1954). The cumulative effect is so potent at low frequencies, 
particularly when ‘in phase’, that it is reasonable to place it at the synapse 
between the highly repetitive Renshaw cell and the motoneurone. 

(3) Balance of input excitation against antidromic inhibition. It has been found 
that the antidromic inhibition can be opposed by raising the level of excitation 
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} (Renshaw, 1941; Holmgren & Merton, 1954). We have not found it possible to 
prevent antidromic inhibition of a sustained discharge of the tonic « cells, 
howsoever the latter are potentiated. Individual silent periods always follow 
each shock but, if a long-lasting electrical tetanus at high frequency is given 


a b Cc 


7 


1 sec 


eee 


Fig. 4. Standard conditions. Characteristic discharge of large phasic and small tonic spike in 81, 
shown separately on sweep (time 100 c/s) alongside record a. a and 6, response to stretch 
(see myograph record) maintained without interruption; c, repetition of same experiment 
with antidromic double-shocks every 0-3 sec. Note lengthening silent period and sudden 
suppression, also the trebling of the spikes after the silent period, as shown separately on 
cut-out sweep below; d, larger number of pulls precedes maintained stretch. The antidromic 
stimulus is now a brief tetanus, 44 shocks at rate 435/sec. 


to the afferent nerve, the characteristic cumulative lengthening of the silent 
period disappears and the discharge cannot be stopped. 
} In Fig. 5 a tonic discharge has been produced in the control (large empty 
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circles) by ten brief pulls followed by maintained stretch. The two lower curves 
dropping to zero show the same experiment done twice with antidromic shocks 
repeated every 0-19 sec. The silent period lengthened by cumulative inhibition. 
Then the afferent nerves were tetanized at rate 330/sec for 30 sec while the 
antidromic shocks were elicited at the same rate as before, except for the brief 
period between the two arrows (large filled circles), Though each of the anti- 
dromic shocks was followed by its silent period there was no cumulative 
lengthening of the silent period. Nor did it help to increase the frequency of 
antidromic stimulation. 


15 


Vv 


2 14 sec 

duration of maintained stretch. O, control after ten brief pulls; o @, two repetitions of same 
experiment with antidromic shock triggered every 0-19 sec. Note, while effect of antidromic 
shock accumulated, silent period increased from about 70-80 msec in the beginning to over 
100 msec at the time when abrupt suppression occurred; @, this time gastrocnemius nerves 
tetanized for 20 sec at rate 300/sec, afterwards maintained stretch as before. Continuous 
antidromic stimulation throughout experiment except for interval between arrows. No 
suppression this time, but the individual silent periods after each shock are still present, lasting 
55 msec in the beginning and 65-70 msec at the time when plot ends. 


Cajal (1909) stated that some ventral horn cells are lacking recurrent col- 
laterals. This in itself may merely mean that they receive collateral effects 
from neighbours, considering the amount of convergence found above and 
previously demonstrated by Renshaw (1946), Eccles et al. (1954) and Frank & 
Fuortes (1956). But Eccles et al. also found one-fifth of the cells studied not 
to be influenced by antidromic stimulation. How do such motoneurones relate 
to the muscular afferents? They are not likely to be common among the small 
tonic « cells, or we should have missed antidromic effects often enough. 

Now monosynaptic testing with shocks to muscular afferents activates 
several neurones which are phasic with respect to stretch and of higher 
threshold than the tonic ones. One might have expected these fringe neurones 
to be particularly inhibitable because of their low level of excitation when 
activated by stretch. Yet nothing is easier than to demonstrate that most of 
the neurones which lack recurrent inhibition must be among this group. 
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In Fig. 6 records a show a tonic neurone, monosynaptically activated and 
easily suppressed by timing the antidromic shock correctly (three lowermost 
records). Records 6 show a phasic neurone, similarly activated, which could 
not be inhibited by very strong optimally placed antidromic shocks. Inc there 
isthe monosynaptically elicited output of a thin filament containing both tonic 
and phasic fibres; in d the antidromic shock is put in. There is a remnant of 
monosynaptic activity inaccessible even to maximal antidromic inhibition. 


d 
it 
Www 


Fig. 6. Standard conditions. All responses monosynaptio and elicited by shock to gastrocnemius 
nerves. a, isolated small tonic spike as determined by previous test with stretch. When 
antidromic shock is put in (last three records), response inhibited; 6, response of filament 
uninfluenced by strong antidromic shock (last nine records) ; c, filament with some tonic and 
phasic spikes; d, same with antidromic shock. Shows suppression of part of the response 
only. Time, msec. 


From this experiment it should not be concluded that all neurones which are 
phasic in terms of muscular afferents necessarily lack antidromic inhibition. 
On an average phasic neurones are larger than tonic ones (Granit et al. 1956, 


~ 1957, recently confirmed by Eccles, Eccles & Lundberg, 1957 a, 5). They give 
“tise to larger spikes of higher conduction velocity. Since silent periods are 


obtained with shocks 25% maximal (Holmgren & Merton, 1954) it is probable 
25 PHYSIO. CXXXVIII 
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that there are phasic neurones capable of influencing tonic ones antidromically. 
Phasic neurones with recurrent inhibition are also seen from time to time. 

The experiment of Fig. 7 illustrates a phasic neurone a which in record / 
could be made to discharge for a brief while to a pinna twist. To phasic stretch 
it produced maximally three spikes in the potentiated state. In record c the 
same spike is elicited by a shock to the gastrocnemius afferents. When in d it 
was preceded by an antidromic shock to adjacent fibres, complete inhibition 
occurred. Next followed 10 sec tetanization of the gastrocnemius nerves at 
a frequency 330/sec. Record e shows that it then resisted antidromic inhibition. 
Somewhat later, when the post-tetanic state had declined, a control f was 
taken. 


Fig. 7. Standard coriditions. Phasic neurone, as defined by repeated pulls, giving triple responses 
to fast stretch in a (stretch not shown), but no lasting discharge; b, same spike gives brief 
high-frequency discharge to twist of pinna. Time, 100 c/s. c, same spike elicited by shock to 
gastrocnemius nerves, inhibited, in d, when antidromic shock is put in. e, same spike but now 
after potentiation by a 10 sec tetanus at 330/sec to gastrocnemius nerves—in this state not 


inhibited by antidromic shock; f, control, somewhat later, when antidromic inhibition again 


effective. Time in msec. 


A considerable number of experiments on antidromic inhibition of mono- 
synaptically elicited volleys in the post-tetanic state were made using electrical 
tetani of various rates and durations. The large synchronous post-synaptic 
potentials obtained in such cases (Eccles, 1953) very effectively counteract 
antidromic inhibition, as is to be expected from the later results of Eccles et al. 
(1954) according to which the Renshaw inhibition is a hyperpolarization that 
should be easily overcompensated by a large post-synaptic potential. 

Usually strong phasic stretch provides enough rising excitation to prevent 
antidromic inhibition. Nevertheless, exceptionally one succeeds in suppressing 
a phasic reflex of a thin filament by a suitably placed antidromic shock as in 
Fig. 8, fully described in the legend. 

(4) The y cells, An important function of the y cells is to set up high fre- 
quencies from the nuclear bag (annulospiral, A 2) afferents through the spindle 
loop and thus to maintain the excitability of the small tonic « cells which have 
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been found to possess especially rich projections of such afferents (Eccles et al. 
1957 b). Without y support tonic stretch reflexes do not come through (Eldred 
a al. 1953; Henatsch & Ingvar, 1956; P. Matthews & Rushworth, 1957a). 


Fig. 8. Standard conditions, tonic and phasic spikes, but this time stretch triggers antidromic 
shock and this phase, including myograph record, expanded on sweep. In a, serving as 
control, antidromic shock occurs after the phasic discharge; in b, it is shifted into earlier 
position relative to stretch and now inhibits. 


| Fig. 9 shows typical results whenever amplification was high enough to show 
|} up the y fibres. Record a is an « discharge to stretch with a triggered anti- 
dromic shock to demonstrate that the antidromic effect is present. Then 
amplification was increased and the muscle kept slack in order merely to record 
the tonic y discharge (b). Even though a brief tetanus of five shocks was used, 
there was no effect on the spontaneously discharging y spike. Record c is from 
another experiment in which both the « and the y spikes fired spontaneously. 
} From the fourth sweep on the antidromic shock was inserted. The « spike was 
pushed out towards the end of the sweep by the recurrent inhibition while the 
y spike, as before, occurred in all positions relative to the shock. 

Clearly the y system is designed to exercise its effect across the spindle loop 
without demonstrable interference on the part of the recurrent circuit. The 
| y cells control the afferent, the Renshaw cells the efferent part of the reflex arc. 

(5) The rebound component. In our experiments an excitatory component has 
appeared as rebound with doubling or trebling of the first spikes after the silent 
period. For this effect to occur it is necessary to have excitable preparations. 

Fig. 10 shows a stretch reflex with slowly repeated antidromic interruption. 

Initially (a) the rate of firing is 18/sec and there is no doubling. In records 
| ba larger number of brief pulls has increased the average rate of firing and 
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some doubling occurs. In records ¢ additional reflex activation (pinna, 
crossed extensor skin reflex) has raised the frequency of firing to 37/sec, and 
doubling is now a regular feature of the response. (Though different cells 
cannot be compared on the basis of frequency, an increase of frequency in any 
one cell is likely to be significant as a sign of increased excitation.) 

When the imposed antidromic inhibition is out of phase, doubling will also 


depend upon the time between the preceding spike and the antidromic shock. — 


Fig. 11 illustrates the general fact that doubling is considerably facilitated by 
the antidromic shock falling soon after the spike and less regular in appearance 
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Fig. 9. Standard experiment. a shows that tonic discharge in stretch is opposed by recurrent 
inhibition at each antidromic shock; b, same experiment without stretch but amplification 
increased to show the spontaneously firing y spike on both side beam and sweep, Note that 
it occurs in all positions relative to the antidromic tetanus of five shocks; c, another similar 
experiment but filament selected with a view to bring in a y spike together with the tonic 
a spike discharging to stretch (myograph record not shown because side beam removed to 
save space). When in the fourth sweep antidromic shock is inserted the « spike shifts towards 
end of sweep but y spike is independent of shock. Sweep time, 100 o/s. 


Fig. 10. Standard experiment. Antidromic shock initiaties every sweep. a-c, tonic response is 
intensified in three steps to show how the occurrence of double responses after silent period 
increases in frequency when discharge rate increases. Regularly present in c when spike fires 
at rate 37/sec, Sweep time, 100 c/s. 
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_ when the interval is longer, as noted long ago by Eccles & Hoff (1932), though 


the effect, of course, also is subject to natural variations of excitability. When 
the antidromic shock is locked to the spike, doubling is practically always 
obtained, provided that it is locked with a delay not less than about 3-5 msec. 
If the delay is shorter, as in Fig. 3, the inhibitory action of the recurrent circuit 
is fast enough to prevent the appearance of the second spike, as is to be 
expected from the previous measurements of the central delay in the Renshaw 
cells, the latency of the silent period (Renshaw, 1941, 1946) and of the inhibi- 
tory hyperpolarization (Eccles et al, 1954). All results hitherto described may 
also be obtained by sending in the antidromic shock to the filament discharging 


“the spike instead of into a suitable neighbouring filament. 


Fig. 11. Standard experiment, but with very thin filament for antidromic shock. Large artifacts 
show antidromic shocks out of phase with natural rhythm. a, 5, stimulus strength 0-2 V; 
c, strength 0-32 V; d-f, strength 0-5 V. Maintained stretch (myograph cut out). Note doubling 
of response after silent period is favoured when shock occurs near a preceding spike. 


The question next arose of whether or not there would be filaments exhibit- 
ing doubling unconnected with previous inhibition. The ventral roots were 
split into fine filaments which in turn were applied to the electrodes delivering 
the antidromic shock. When doubling or inhibition was seen, strength of the 
antidromic shock was systematically varied in order to find out whether the 
two phenomena had different thresholds. An example is shown in Fig. 12. Itis 
an out-of-phase experiment, but the same result was obtained by locking the 
antidromic shock to the spike. Doubling was always preceded by inhibition. 
If the inhibitory effect was weak or absent, there was no doubling. 

We conclude that doubling produced antidromically is a consequence of 
inhibition. Doubling, of course, requires good excitability, as shown by the 
fact that any sudden strong reflex excitation may start with double spikes. 
This is seen both with pinna, scratch and stretch reflex, if their onset is sudden 
enough. 

If the antidromic shock really makes excitable cells swing between inhibition 
and excitation, it should be possible to demonstrate such changes of excita- 
bility also by setting up a discharge from the afferent muscle nerves and timing 
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an antidromic shock. This is shown in Fig. 13. The discharge was produced by 
carefully grading a brief afferent tetanus whose shock artifacts are shown in 
the uppermost record of a. Both sets of records begin with some controls. It is 
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shock, discernible by shock artifacts. Some controls without antidromic shock occasionally 
inserted. Curves show effect of stimulus strength (V) above each record. Threshold is at 
0-27 V when doubling and inhibition appear together. Sweep time, 100 c/s. 
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artifacts. Note that antidromic impulse tends to split response into two portions and to 
lengthen or increase frequency of tail end of discharge. In b orthodromic stimuli a little later 


than ina. Sweep time, 100 c/s. 
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; the antidromic shock precisely with respect to it. The experiment requires geen ti 
considerable patience because if the orthodromic stimulus is too strong or the length 
; antidromic too early or too late, the cell fires anyhow and. what is aimed at The 
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seen that the antidromic shock splits the reflex into two parts and tends to 


_ Jengthen or accelerate the tail end of the discharge. 


The likeliest explanation of the rebound excitation is that a cell kept near 
its firing level of depolarization returns from a transient hyperpolarization at 
a faster rate than when action starts from an already depolarized state. Under 
such circumstances the crayfish stretch receptor produces rebound excitation 
after a transitory repolarizing inhibition set up by its specific inhibitory fibre 
(Kuffler & Eyzaguirre, 1955). The receptor had in their experiment been 
maintained near its firing level by slight stretch. For similar results with 


_ Aplysia ganglion cells, see Tauc (1956). Our results could be attributed to the 
‘same type of membrane change. No specific excitatory fibres are needed to 


explain this variety of rebound. 

(6) Application to stretch reflex. Since the Renshaw circuit is an efferent 
antagonist of the tonic stretch reflex and, on our results, does not interfere with 
the y neurones, successful antidromic suppression of the stretch reflex should 
immediately be counteracted by increased spindle activity, provided that the 
spindles are well enough supported by the y system. If they are too slack for 
lack of y support the Renshaw inhibition might easily gain the upper hand. In 
fact, this has happened in the cases we have seen above of complete suppression 
of the stretch reflex by cumulative action. It should be noted that our de- 
efferented animals were artificially raised to the state of post-tetanic poten- 
tiation that normally would have been better taken care of by the y-spindle 
organization. In view of this it is of some interest to test our conclusions on a 
stretch reflex with some y support. The conclusions tested are (i) that the 
antidromic shock has no effect on the y system, and (ii) that a spindle with 
some y support should increase its rate of firing during antidromic inhibition. 

In the experiment of Fig. 14 (facing p. 383) half of the roots L7 and 81 are 
intact, the other half cut and placed on electrodes for antidromic stimulation. 
Record a is the control taken after the experiment when the nerves of the 
gastrocnemiussoleus muscle used in stretch (falling weight) had been cut in order 
to show the myographic muscular change alone. Record 6 is a stretch reflex 
to the same rate and distance of fall. Here is now some y bias, as without it 
there would be no tonic stretch (Eldred et al. 1953; P. Matthews & Rushworth, 
1957 a, 6). This basic amount of stretch in our experiments could be but little if at 
all influenced by additional recurrent stimulation (beyond what it may contain 
in itself), Starting from this basic amount of stretch, we proceed, in record ¢, to 
load quadriceps which activates the ankle extensors (Granit, 1950) and par- 
ticularly the small tonic neurones (Eccles et al. 1957 b). There is now a superim- 
posed synergic reflex slowly dwindling away and definitely influenced by bursts 
of antidromic tetani. Each burst is followed by slight recovery suggesting active 
spindle antagonism. To prove this, records d and e¢ were taken in the same way 
but with an indicator spindle. The existence of y bias is clearly demonstrated 
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by the fact that the spindle fires during the stretch reflex which should silence 
it (owing to unloading) if it were without y support. Between the arrows of d 
and at the arrow of e, antidromic stimulation is put in. It is seen that the 
antidromic stimulation suppresses the stretch reflex and that the spindle 
antagonizes this effect by an increase in discharge frequency. This it could not 
have done very well if the antidromic stimuli also had inhibited the y neurones. 

Experiments were also carried out with tendon jerks while firing the anti- 
dromic shock at rates of 140/sec or higher, but it was never found possible to 
demonstrate a definite effect on them, whatever the rate of antidromic stimu- 
lation. Whatever the timing of the tendon tap with respect to the antidromic 
shock, the jerk was not inhibited. On the other hand, with the de-efferented’ 
animals, i.e. without y support (as shown in Fig. 8), it is occasionally possible 
to influence phasic stretch and the monosynaptic response. 


DISCUSSION 


A number of new facts have been established in this paper. We shall summarize 
them and then consider what the recurrent collaterals can do to the system 
we have been studying. This system can be briefly described as the y-operated 
spindle loop which by its large nuclear bag afferents drives the small tonic 
a motoneurones to give a sustained discharge to stretch (= the tonic stretch 
reflex). For a review of the earlier literature, see Granit (1955). The later 
contributions have proved (Granit e¢ al. 1956, 1957) that there are special tonic 
a cells which tend to be smaller than the phasic « cells (when ‘tonic’ and 
‘phasic’ are defined with respect to muscular afferents). The dependence of this 
system upon y activation has been demonstrated by Eldred ef al, (1953), 
Henatsch & Ingvar (1956) and P. Matthews & Rushworth (19574, 6). Finally 
Eccles et al. (1957 a, b) have demonstrated that the small tonic « motoneurones 
are characterized not only by slow conduction velocity but that they tend to 
run preferentially to well-known tonic muscles (Denny-Brown, 1929), and that 
they receive particularly large monosynaptic projections from the nuclear bag 
afferents. These neurones also have long-lasting after-hyperpolarizations, when 
studied by the intracellular technique. Although our de-efferented prepara- 
tions have been lacking the y support required for stretch reflexes, we have 
been able to imitate decerebrate spasticity by electrical post-tetanic potenti- 
ation or by repeated natural bursts of impulses to stretch (Granit, 1956; 
Granit et al. 1956, 1957). Taken as a whole this work seems to have established 
beyond doubt that the small tonic « cells do constitute a specific motor 
system with well-defined properties. 

The new facts are: (i) That with respect to this system inhibition by recur- 
rent collaterals is cumulative. We explain this by reference to the Renshaw 
interneurones which deliver high-frequency bursts carrying post-tetanic poten- 
tiation over the intervals between slowly repeated antidromic shocks, exactly 
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as excitation cumulates in response to several brief bursts set up by stretch (see 
Fig. 2), or as post-tetanic potentiation, tested monosynaptically, can be shown 
to cumulate over intervals of separated brief tetani (Granit, 1956). Eccles et al. 
(1954) have shown that potentiation of the Renshaw cells themselves requires 
100 times faster rates of antidromic stimulation than those used above and still 
found to be cumulative. The state of post-tetanic potentiation must therefore 
lie at the terminations of the Renshaw cells upon the « cells. (ii) With sufficient 
excitatory drive, inhibition is regularly succeeded by a brief phase of rebound 
excitation, definitely related to the preceding inhibition. (iii) The + cells in the 
ventral horn are not influenced by the recurrent collaterals. (iv) Inhibition 
from recurrent collaterals ‘in phase’ with the natural tonic discharge is 
especially potent and highly cumulative. (v) We have not encountered tonic 
cells capable of escaping inhibition from recurrent collaterals, though such cells 
may exist. (vi) Cells lacking recurrent inhibition have been phasic with respect 
to stretch but many phasic cells have also been inhibitable by recurrent 
collaterals. Our experiments throw no light upon the significance of these two 
categories of phasic cells. (vii) The tendon jerk is not influenced by inhibition 
from recurrent collaterais. (viii) Intense potentiation antagonizes the cumula- 
tive effect of the recurrent collaterals but does not remove the inhibition caused 
by individual antidromic shocks pitted against a tonic discharge. We have no 
explanation to offer of why cumulative inhibition sometimes permanently 
prevents resumption of the tonic discharge. 

Apart from the significance of these observations for the understanding of 
recurrent collaterals as common circuit elements in most nervous centres, they 
also suggest an interpretation of the role of such collaterals in the specific 
system studied. Our interpretation must remain hypothetical, inasmuch as 
it is necessary to reason from a superimposed exaggeration of the effects to 
their role in normal reflex control. Our basic assumption, in agreement with 
Holmgren & Merton (1954), is that the same events occur on a normal scale 
which here have been over-emphasized by our mode of approach. 

The recurrent collaterals, in our view, are the natural efferent antagonists 
to the y-driven tonic system just described. They do not operate at the level 
of y control. It should be recalled that the system studied is tonic throughout 
and thus its limitations and danger zone should be considered from this very 
point of view. The tonic y fibres can force the tonic spindles to discharge at 
extremely high rates (Eldred et al. 1953) and these effects recruit slowly and 
similarly vanish slowly (Granit & Kaada, 1952). A consequence of this are the 
states of post-tetanic potentiation (here imitated by repeated stretches). The 
danger zone is created by the very slowness and cumulative nature of all these 
effects. The intercollicularly decerebrated cat is an example of such states 
created by y release, known to the neurologist as rigidities and spasticities. 
Its exaggerated stretch reflexes disappear after y suppression (see above). 
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Nevertheless, for a while, the hypersensitivity to stretch will remain, owing 
to the slowness of decay of post-tetanic potentiation of the small « cells. This 
is where an efficient efferent inhibition from recurrent collaterals, cumulative 
with the sustained discharge, comes in as a natural corrective. Jt emphasizes 
the slow after-hyperpolarization of the tonic cells which as such tends to keep 
down the rate of firing to the low values characteristic of most tonic « cells 
(Eccles et al. 1957 a, 5). 

This interpretation thus agrees with the general view of Holmgren & Merton 
(1954), Granit (1955) and Hammond et al. (1956) that the recurrent collaterals 
serve to stabilize the discharge, and shows how stabilization can be achieved. 


From our results it is clear that effects from inhibitory collaterals ‘out of | 


phase’ will aid ‘in phase effects’, though the latter are more potent. Possibly 
the greater potency of ‘in phase’ antidromic inhibition is due to summation 
with the large after-hyperpolarization of the tonic cells (Eccles et al. 1957 a, b). 
Our interpretation is considerably strengthened by the fact that there is 
much convergence of many motor fibres upon the same Renshaw cells. When 
reflex drive increases, a transition from pure inhibition to inhibition-rebound 
can serve no other purpose than maintenance of the slow rhythm of discharge 
with double spikes instead of single spikes. The Renshaw cells are accessible 
also to orthodromic excitation (Renshaw, 1946; Eccles et al. 1954; Frank & 
Fuortes, 1956). There may thus be connexions for switching the Renshaw 
cells on and off and they may also cause central effects which at the moment 
are unknown. 

In view of the low threshold of recurrent inhibition (Renshaw, 1941, 1946; 
Eccles et al. 1954; Holmgren & Merton, 1954) one might also consider specific 
suppression of small tonic « cells by large phasic ones, but the extensive 
literature on electromyography gives no support for this view, at least not with 
respect to muscle stretch, which is the only aspect we have been considering. 
Until such evidence has been produced this hypothesis must remain extremely 
doubtful, and it is safer to assume that the ‘out of phase’ effects from large 
phasic synergists do no more than similar activations of Renshaw cells from 
antagonists within the same segment, i.e. aid the general suppressor effect. 

Incidentally our results throw fresh light on the origin of double spikes from 
motoneurones, a subject on which there is a large literature (Eccles & Hoff, 
1932; Gilson & Mills, 1941; Hoff & Grant, 1944; Denslow, 1948; Toennies & 
Jung, 1948; Gordon & Holbourn, 1949). They do so by demonstrating the 


connexion of this phenomenon with level of excitability and with some recent 
intracellular observations. 


SUMMARY 
1. A study has been made of the effects of the Golgi recurrent collaterals 
upon the tonic motoneurones. In decerebrated, de-efferented cats sustained 
reflex discharges of the small tonic « cells of Granit et al. (1956, 1957) have been 
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set up by post-tetanic potentiation of muscular afferents while slowly repeated 
antidromic shocks have been given to adjacent fibres of the same ventral root. 

2. Antidromic stimulation from rates of about twice per sec upwards has 
been found to cause cumulative inhibition of the tonic discharge. 

3. The cumulative inhibition often succeeded in suppressing the tonic « 
discharge altogether, especially when the antidromic shock was triggered by 
the discharging spike. 

4. Some motoneurones, phasic with respect to stretch, were also found to 
be influenced by recurrent collaterals, others proved to be independent of 
antidromic stimulation, while all tonic cells responded by the characteristic 
inhibition or silent period. 

5. With enough reflex drive of the tonic system each inhibitory or silent 
period, elicited from the recurrent collaterals, was succeeded by rebound 
excitation leading to double discharges. It never occurred without previous 
antidromic inhibition. This effect also was more potent when the antidromic 
shock was triggered by the repetitive ‘tonic’ spike. 

6. The y cells were found to lack recurrent collaterals because no amount of 
antidromic stimulation had any influence whatsoever on them. 

7. The tendon jerk was not inhibited by antidromic stimulation. 

8. Intense post-tetanic potentiation antagonized inhibition from recurrent 
collaterals, particularly its cumulative form, but never succeeded in preventing 
silent periods in discharging tonic « cells. 

9. These observations on the effect of recurrent collaterals upon the tonic 
« cells are synthesized into an interpretation of the Golgi recurrent collaterals 
as a system for stabilizing the sustained output of impulses in the stretch reflex 
at a slow rate, thereby serving as an efferent antagonist of cumulative, 
presynaptic excitatory states produced by the y-driven nuclear bag afferents. 

The authors are indebted to the Swedish Medical Research Council for economic support of 
this work. 
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FURTHER OBSERVATIONS ON VASOCONSTRICTOR 
SUBSTANCES IN BLOOD OF RABBIT AND MAN* 


By J. ARMIN anp R. T. GRANT 
a From the Clinical Research Unit, Guy’s Hospital, London, S.E. 1 


(Recewed 8 May 1957) 


In a previous paper (Armin & Grant, 1955) we described a method for detecting 
and assaying vasoconstrictor substances in rabbit’s blood and plasma. The 
pharmacological test object was the artery of the chronically denervated ear 
of the rabbit, which responds to these substances in high dilution (Armin & 
| Grant, 1953). An obvious extension of this work was to try if the method 
could usefully be applied to human blood and its products. It soon became 


caused a constrictor reaction which interfered with that due to adrenaline 
present in low concentration. Protein-free ultrafiltrates, however, did not 
produce this effect and seemed likely to be suitable for our purpose. But, 
before we could be certain that the constrictor activity of plasma ultrafiltrates 
was due to substances present in the blood, we required evidence that the pro- 
cesses involved in the preparation of the ultrafiltrates did not significantly alter 
the content of such substances. Since, with the methods at our disposal, it did 
not seem feasible to provide this evidence directly from man, we made farther 
observations on the rabbit and then applied our findings to the human subject. 
We had found in the rabbit that while blood could be withdrawn from the 
| body virtually without change in constrictor activity, yet plasma separated 
from it immediately after withdrawal had usually a slightly and sometimes a 
greatly increased constrictor activity, presumably due to the release of 
5-hydroxytryptamine from the platelets. We therefore first sought to prevent 
it. It was found finally that rapid cooling of the blood during withdrawal to 
about 5° C, and maintenance of this temperature during centrifuging, allowed 
the preparation of platelet-poor plasma with the same constrictor activity 
as that of blood. Further, by filtering the plasma in the cold, in an atmosphere 
of nitrogen and in a filter made not of metal but of Perspex, protein-free 
ultrafiltrates could be obtained with an activity equal to or only a little less 
than that of plasma. 


* Work undertaken on behalf of the Medical Research Council. 


apparent that human blood and plasma injected into the rabbit’s ear usually 
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METHODS 


The apparatus and procedure for transferring small samples of blood from donor to test ear have 
been described (Armin & Grant, 1955) and remain unchanged. The methods for the withdrawal 
of larger samples of blood and separation of the plasma are modified. The blood from the donor 
first passes through a coil of polythene tubing immersed in crushed ice before entering the 
Perspex syringe, also surrounded by crushed ice. The effect of this is to ensure rapid cooling of the 
warm blood to about 5° C and its maintenance at that temperature. Further, by using a modified 
centrifuge head and buckets the blood can be kept at that temperature during spinning for as 
long as is necessary without the use of a more usual and costly refrigerated centrifuge; construc- 
tional details are given in the appendix. In order to provide sufficient plasma for ultrafiltration 


(at least 3 ml.) from one blood sample, Perspex syringes of 7 ml. capacity are used in addition to : 


those of 4 ml. previously described. 

The system of tubes, taps and syringes for transferring and withdrawing blood is shown in 
Fig. 1 of our earlier paper (Armin & Grant, 1955). Tap T5 and tubes C5 and C6 of that figure are 
reproduced in Fig. 1 of this paper. Tube (6 is inserted into the donor’s blood vessel and either 
saline passes slowly from C5 to the donor or blood is drawn from the donor in the reverse direction. 
The new apparatus is as follows. 


Fig. 1. Apparetes for conling Mocd duting For description see text. 


The cooling coil shown in Fig. 1 is a 40 cm ler-gth of polythene tubing (internal diameter 0-59 mm, 
external 0-96 mm, no. P.E. 50, Clay Adams and Co.) coiled within a Perspex cylinder, 15 cm long, 
3-5 cm diameter, which is sealed at one end and fitted with a lid at the other. The tube passes 
through the sealed end and lid. Each end of the tube is fitted with a cap nut and flared as previously 
described. To the cap nut at one end is screwed a Perspex junction-piece to fit the nozzle of the 
Perspex syringe. The cylinder is filled with crushed ice. 

Fig. 1 also shows the Perspex syringe enclosed in a cubical Perspex box (sides approximately 
6-5 em long) filled with crushed ice. A central hole in the bottom of the box is fitted with a rubber 
washer which grips the end of the syringe and prevents water (from the melting ice) dripping on 
the nozzle. The top of the box is fitted with a lid, through a central hole in which the upper end 
of the syringe projects. The syringe (7 ml.) lubricated with silicone, contains 50 units heparin in 
0-1 ml. saline; its nozzle is closed with a cap. 

In use, the cap nut at one end of the coil is screwed to the unoccupied nozzle of tap T5. From 
this tap, the coil is flushed with saline. The tap is then turned to restore the saline flow to the 
donor. The syringe nozzle cap is removed and the junction piece of the coil is fitted over the nozzle. 
The tap is turned to allow blood to be drawn into the syringe from the donor through C6 and T 5 
The blood is preceded by the small volume of saline in the coil and catheter, in all about 0-3 ml. 
To ensure adequate cooling, withdrawal should occupy 14-2 min. Tap T5 is then turned to 
restore the saline flow to the donor. The syringe is disconnected from the coil, the blood remaining 
in the nozzle drawn into the body of the syringe, the cap replaced and the syringe inverted several 
times to ensure mixing of the heparin with the blood. The cooling coil is then flushed with saline 
from tap T5 and after again restoring the saline flow to the donor, the coil is removed from the 
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tap. Ordinarily the blood is at once centrifuged, but this may be delayed for up to half an hour, 
provided the syringe is meanwhile kept in crushed ice. 

For the special purpose of tracing the development of constrictor activity in withdrawn blood, 
a modified Perspex syringe and a slightly different arrangement of the apparatus is used, as shown 
in Fig. 2. The nozzle of the syringe is replaced by a three-way Perspex tap which opens directly 
into the syringe and to either side. The handle of the tap is prolonged so that it can be operated 
when the syringe is enclosed in the ice box. The tap of the modified syringe, 86, is connected to 
C5. When the syringe is filled with blood, the cooling coil is replaced by a short length of polythene 
tubing. The manipulation of the taps for the insertion of the syringe and tubes into the system 
and for the withdrawal of blood should be sufficiently clear without detailed description. By this 
arrangement, samples of blood from the syringe or from the donor may be transferred to the test 
ear at intervals for as long as is necessary. The tapped syringe avoids the difficulties arising when 


, the nozzle syringe is used, namely that the column of blood in the syringe nozzle and connecting 


mixed with the heparin in the syringe. 


Vein 


Fig. 2. Modified Perapex ayrings and arrangement of apparatus. For description see text. 


To prepare platelet-poor plasma, the Perspex syrings containing cooled blood and without its 
piston is transferred to the iced centrifuge bucket, the celluloid cap is replaced and the whole 
counterpoised against a similar bucket. The blood is first spun for 5 min. The plasma, cloudy 
except at the top, is drawn into another chilled siliconed syringe and respun for }—1 hr at 4000 rev/ 
min (2800 g). The clear plasma is then pipetted off (in a polythene or siliconed glass pipette) into 
a siliconed glass-stoppered tube and kept in crushed ice in a Dewar flask. The ice in the bucket is 
sufficient to keep the temperature low for about } hr spinning. For longer spinning the centrifuge 
is stopped and a fresh iced bucket substituted. 

Apparatus for ultrafiltration. Filtration of the plasma is carried out in the cold and under 
nitrogen at a pressure of about 6 atmospheres. The filter, of the type described by Elford (1929), 
is made of stout Perspex, except for the brass nut for connecting to the nitrogen cylinder and the 
metal device for clamping the parts of the filter together. Constractional details are given in the 
appendix. 

We have used mainly alcohol-ether-acetic acid—collodion membranes (method of Wilson & 
Holiday, 1933), and also ‘Gradocol’ membranes with an average pore diameter of 8 my, prepared 
by the Wright Fleming Institute. Filtration time is about the same for both membranes; from 
this we judge the pore diameters to be about the same. 

In use, the filter is assembled with the collecting tube attached. The inlet is sealed with a rubber 
teat and the whole is cooled by immersion in crushed ice. The plasma is pipetted into the filter 
which is then connected to the nitrogen cylinder and the pressure gradually raised. Filtration is 
slow; about 3 ml. is obtained from 5 or 6 ml. plasma in 3-4 hr. 

Preparation of apparatus. If polythene tubing is used on more than one occasion, constrictor 
activity is liable to develop in blood passing through it. This is prevented by soaking previously 
used tubing, and other apparatus with which blood comes into contact, in 10% aqueous ammonia 
solution for several hours and then thoroughly washing with saline. 

For use with the human donor the glass syringes used for saline infusion are sterilized by 
boiling, the polythene tubes and taps by soaking in ‘Detergicide’ (United States Catheter and 
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Instrument Corporation, Glen Falls, New York) for at least 1 hr and then flushing with sterile 
saline. The polythene catheter for insertion into the vein is prepared with the double orifice tip 
previously described (Armin, Grant, Pels & Reeve, 1952). 

Optical system. For examining the test ear we now use a Watson’s stereoscopic microscope 
mounted on @ long arm stand, objective x 1-25, eyepiece 10. This is twice the magnification 
previously used, yet with better definition and greater depth of focus. 


RESULTS 
Rabbit blood 
The temperature of the withdrawn blood and plasma was measured by 


immersing in each a copper-constantan thermal junction thinly coated with — 
polythene. Immediately after withdrawal, the temperature of the blood in the 


syringe lies between 4 and 6° C, the donor’s rectal temperature being 38-39° C. 
The quantity of ice around the syringe is sufficient to keep the blood tempera- 
ture about this level for at least an hour. At the end of 5 and 30 min spinning, 
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Fig. 3. Constrictor effect of uncooled syringe blood transferred to test ear at (a) 1-5, 
(5) 16, and (c) 28 min after withdrawal. 


plasma temperature is about 4° C. Transferred to the Dewar flask, plasma 
temperature soon falls to and remains at about 2° C. This method of with- 
drawal secures more rapid cooling than was attained by the earlier method. 

Effect of cooling on the constrictor activity of blood. Using the apparatus 
shown in Fig. 2, blood samples are transferred to the test ear from the syringe 
or the warm resting or anaesthetized donor. The constrictor activity of the 
syringe blood does not differ from that of blood transferred from the donor 
for at least half an hour. Since this time interval is sufficient for our purpose 
we have not in most instances continued observations longer. In five instances 
in which it was followed, activity was unchanged at 45 min; three of these 
were observed for 60 min and in two activity was unchanged but it increased 
in the third. 

On the other hand, if the syringe and coil are not cooled, the constrictor 
activity of syringe blood increases within 10 min and within 30 min is gross 
and long-lasting. Fig. 3 exemplifies this. This gross constrictor effect is like 
that due to 5-hydroxytryptamine in that the arterial constriction is not accom- 
panied by any definite constriction of the minute vessels. The constrictor 
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effect at 28 min shown in Fig. 3, though not assayed on this occasion, is that 
ordinarily expected from 5-hydroxytryptamine 10 g/l. 

We were at first surprised that warm blood from the donor and cold blood 
from the syringe should exert the same effect on the test ear. But it seems that 
during passage through the transfer system of tubes and taps, the warm blood 
is cooled and the cold blood is warmed. By allowing the blood to drip over 
a fine thermal junction held near the needle tip (not in the artery) we estimate 
that blood from the donor issues from the needle only 1 or 2° C above room 
temperature (18°-20° C), while blood from the syringe issues at about 1-2° C 

__below this temperature. 

1. Plasma constrictor activity. Provided that the plasma is separated from the 
red cells by 5 min spinning, within half an hour of drawing the blood, its 
constrictor activity is almost always the same as that of blood transferred from 
the donor. From a warm, resting, unanaesthetized or anaesthetized donor, the 
constrictor activity of the cloudy platelet-rich plasma is about the same as that 
of saline, that is, less than that of adrenaline 0-01 yg/l. or 5-hydroxytryptamine 
0-1 yg/l., the lowest concentrations of these substances usually giving an effect 
distinguishable from that of saline. Exceptionally, we suspect because of 
faulty technique, it has been slightly greater and longer lasting, but less than 
that of adrenaline 0-1 yg/l., even in those instances in which the centrifuged 
blood showed the abnormal layering previously described (Armin & Grant, 
1955). 

The clear, platelet-poor plasma obtained after 30 min spinning shows the 
same activity as the 5 min plasma. Kept in ice, plasma activity remains 
unchanged for at least 8 hr. 

We had earlier found that the constrictor activity of plasma from a rabbit 
_ after struggling was not only much greater than that of resting plasma but also 
greater than that of blood transferred immediately after the struggle. This 
enhanced activity was associated with rapid clotting of the heparinized 
plasma. With the modified method, however, the after-struggle plasma, 
though still darker in colour than resting plasma, does not clot rapidly. Its 
constrictor activity is no greater than that of blood transferred directly after 
a struggle; activity may be less, presumably because during withdrawal of 
the blood over 1—2 min the constrictor substance released into the circulation 
by the struggle quickly declines in concentration when the animal comes to 
rest. 
It seems, therefore, that by the method now described blood can be with- 
drawn from the rabbit and stored for at least half an hour and that plasma, 
Plateiet-rich or -poor, can be separated from the blood without detectable 
change in constrictor activity. The half hour latitude in time between with- 
drawal and centrifuging is of practical convenience, particularly when the 
method is applied to man. 
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Plasma ultrafiltrates. Because of a possible release of constrictor substances 
from the platelets during the 3-5 hr required for filtration, platelet-poor 
plasma has been used. Further, since on occasion we have detected some 
increase in constrictor activity of plasma kept in ice for 24 hr, the blood has 
been drawn and the ultrafiltrates prepared and tested on the same day. 

The clear watery filtrates have regularly been tested with the biuret reagent 
and on occasion also with sulphosalicylic acid and by boiling after acidification. 
These tests have always failed to show the presence of protein. Wilson & 
Holiday (1933) also found their ultrafiltrates to be protein-free. 


We have compared on the test ear the constrictor activity of plasma and “ 


ultrafiltrate in the following instances: 

(1) Six in which the plasma had a negligible constrictor effect. 

(2) Two in which through faulty technique the resting plasma had a strong 
constrictor effect. 

(3) Four in which the constrictor activity of the blood had been considerably 
increased by (a) a struggle, (b) a large haemorrhage, (c) insulin hypo- 
glycaemia, (d) injecting Escherichia cola vaccine. 

(4) Five in which adrenaline was added to the inactive plasma to give a 
concentration of 1 yg/l. 

In all these instances we could detect no significant difference between the 
constrictor activity of ultrafiltrate and plasma. This does not mean that no 
constrictor substance was lost by ultrafiltration. But a reduction of concen- 
tration to one half of such substances as adrenaline and 5-hydroxytryptamine 
would have been detected, so that the loss, if any, is less than half. Confirma- 
tion of this was obtained from eight instances in which the activities of plasma 
containing adrenaline in a concentration of 10 pg/l. or 100 pg/l. and of its 
ultrafiltrate were compared on the rat’s uterus (Gaddum, Peart & Vogt, 1949). 
In all instances the plasma without added adrenaline had no stimulating effect 
on the uterus. In three the inhibitory effect of the ultrafiltrate was closely 
matched by that of the plasma and adrenaline. In the remaining five the effect 
of ultrafiltrate was slightly less than that of plasma; how much less was 
determined to be between 0 and 50% in one and to be equal to 33% in two; 
the assay could not be completed in two. 

Wilson & Holiday’s (1933) rapid suction method, in our hands, has so far 
resulted in considerably greater loss of activity. 

These observations suffice to show that (1) ultrafiltration in the manner 
described does not cause constrictor activity to develop when this is absent 
from the plasma, and (2) constrictor substances present in the plasma, either 
as the result of stimulation of the rabbit from which the blood was withdrawn 


or added subsequently, pass into the ultrafiltrate with relatively small loss, 
the loss being undetectable by the test ear. 
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Human blood 


For these observations we have used mainly our colleagues, well accustomed 
to experiment and undisturbed by the procedures involved. The subject, 
fasting for at least 12 hr, reclined comfortably on a couch with one arm 
extended over the table on which the test rabbit lay. The polythene catheter, 
connected to the transfer system, was introduced through a needle into an 
antecubital vein and a slow saline infusion maintained. The subject was kept 
warm and allowed to rest quietly for at least half an hour before blood was 
_ transferred to the test ear. 
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Fig. 4. Constrictor responses of test artery to human blood and plasma. (a) Blood transferred 
directly from donor. Blood stored in iced syringe provoked same reaction until 35 min after 
withdrawal. (b) Response to syringe blood transferred at 48 min. The constriction lasted 
11 min, (c) Shows the gross after-constriction to plasma in a sensitized rabbit. The response 
lasted 21 min. 


The usual response of the test artery to the injection of 0-1 ml. blood, 
exemplified in curve (a) of Fig. 4, is first a brief and slight constriction, the 
artery returning to its initial diameter in 10-15 sec; it then often dilates slightly 
for a similar period. This initial phase (which is the same as for rabbit blood) 
is followed, either directly or after an interval of up to about 30 sec by a slow 
and slight to moderate constriction, occupying 1-2 min, which is succeeded by 
an even slower relaxation to the initial diameter over 3-5 min. The arterial 
reaction is accompanied by a slight and transient dilatation of the minute 
vessels. Repeated injections provoke essentially the same response, except 
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that after about six injections, the slow after-constriction persists longer, the 
minute vessels remain slightly dilated and the view through the ear becomes 
hazy, presumably because of oedema formation. A conspicuous patch of 
oedema soon develops in the skin around the insertion of the needle. 

In some rabbits the slow after-constriction is wanting. Repeated injections 
provoke only the transient initial phase like that of rabbit blood and without 
the development of dilatation of the minute vessels or oedema. 

On the other hand, exceptionally, the after-constriction is gross, the artery 
narrowing almost to obliteration of its lumen in 2-3 min. Then follows a period 
of rapid oscillations in diameter. The oscillations die out and the artery 


gradually relaxes, returning to about its initial diameter after a half to 1 hr. ! 


We have observed this gross reaction in only three rabbits which, to our 
knowledge, had not previously received an injection of human blood or plasma. 
But it occurs regularly in rabbits which have been sensitized by such an 
injection at least a week previously, even though the sensitizing injection was 
only 0-1 ml. blood or plasma (see curve (c), Fig. 4). 

Observations carried out in the same way as for the rabbit show that human 
blood also may be stored for at least half an hour in an iced syringe without 
detectable change in constrictor activity. Sooner or later after that time, 
however, the initial constriction increases in degree and duration and the 
biphasic response is replaced by a single strong constriction. Curve (6), Fig. 4, 
shows the arterial constriction caused by blood injected after 48 min storage 
in the syringe. Until at least 34 min stored blood gave the same response as 
fresh blood shown in curve (a). 

Plasma, platelet-rich or -poor, separated from the red cells within half an 
hour of drawing the blood, exerts the same effect on the test artery as does 
whole blood. Curve (c), Fig. 4, shows the gross constriction of the test artery 
resulting from the injection into it of 0-1 ml. human plasma. The constriction 
was succeeded for a time by oscillations; the artery returned to its initial 
diameter at 21 min. Six weeks previously this rabbit had received intra- 
venously 0-1 ml. plasma from the same subject. 

Ultrafiltrates of human plasma, tested in the same way as for the rabbit, 
have also regularly failed to show the presence of protein. Rabbits receiving 
injections of ultrafiltrates on subsequent occasions have shown no indication 
of increased sensitivity. Their effect on the test artery is like that of saline and 
less than that of adrenaline 0-01 ug/l. or 5-hydroxytryptamine 0-1 yg/l. 
Occasionally there is, as with saline, slight and brief after-constriction, but we 
have never seen the slowly developing after-constriction and even slower 
relaxation characteristic of blood and plasma. 

The usual protein effect of human blood and plasma on the test ear obscures, 
more or less, that due to constrictor substances such as adrenaline present in 
them. For example, Fig. 5 shows that the addition of adrenaline to human 
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to a concentration of 1 g/l. has resulted in only a slight increase and 
prolongation of the initial constriction (curves d and e), but the slow after- 
constriction remains unchanged. The reaction to plasma plus adrenaline 
(curve ¢) is unlike that due to adrenaline alone (curve c). The reaction to the 
protein-free ultrafiltrate of plasma plus adrenaline (curve b), however,4 y 
matches that to adrenaline (curve c). Similar observations in which nor- 
adrenaline and 5-hydroxytryptamine were added to the plasma show that 
these substances also can be detected in apparently unaltered concentration 


in the ultrafiltrates. 
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Fig. 5. Responses of test artery to (a) ultrafiltrate of resting plasma, (b) plasma ultrafiltrate 
containing adrenaline 0-1 yg/l., (c) adrenaline | ug/l. in saline, (d) plasma, (e) plasma con- 
taining adrenaline 1 yg/l. The responses (d) and (e) each lasted about 15 min. 

Because of the usual obscuring effect of the proteins we cannot ordinarily 
detect clearly by the method of transfer the presence of other constrictor 
substances in the circulating blood. But this can be done if the test rabbit is 
one in which the injected human blood provokes no more reaction than does 
rabbit blood. 

Thus, from a warm and drowsy normal subject, two 0-1 ml. samples of blood 
transferred to the test ear caused only slight initial constrictions, each lasting 
13 sec; there was no subsequent dilatation or after-constriction. A sudden 
noise was then made by shouting and clattering tin dishes. This momentarily 
startled the subject. Blood transferred 4 sec after this stimulus caused a 
greater constriction which lasted 1 min 36 sec. Transfers 4 and 8 min later 
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gave the same response as before the stimulus. The constriction after the fright 
was like that due to adrenaline 1 pg/l. 

Again, from another warm and resting subject blood was transferred at 
intervals. A slow saline infusion was given into the other arm. Three transfers 
provoked slight constrictions, lasting on the average 16 sec (16, 19 and 13 sec) 
not followed by dilatation or after-constriction. The saline infusion was then 
replaced by adrenaline in saline at the rate of 10 »g/min and continued for 
13 min. The subject became pale, tremulous and anxious; his pulse rate rose 
from the resting level of 65 to 100/min. Blood transferred at 1} and 10 min 


after starting the infusion caused greater and longer-lasting constrictions, , 


their durations being 31 and 59 sec and their adrenaline equivalents approxi- 
mately 0-1 ug/l. and 1 yg/l. respectively. By 10 min after the end of the 
infusion the subject was comfortable, though a little flushed, and his pulse rate 
was 68/min. Blood then transferred caused a slight constriction lasting 15 sec. 

Moreover, in a similar experiment, in which noradrenaline was infused at the 
rate of 7 ug/min for 14 min, we were able not only to show by transfer the 
presence of a constrictor substance in the circulating blood, but also to detect 
it in the same concentration in the plasma and its ultrafiltrate and to assay it in 
terms of noradrenaline. Before the noradrenaline infusion blood transferred to 
the test ear provoked only a slight constriction lasting 10 sec. Blood, 12 ml., 
was then drawn and spun for 5 min; the plasma was separated and stored in 
ice. The noradrenaline infusion was started. The subject’s face gradually 
paled and his pulse rate fell from the resting level of 72 to 60/min. Blood 
transferred at 8 min caused a greater constriction lasting 56 sec. Blood, 12 ml., 
was drawn off. Another transfer at 20 min caused a similar constriction 
lasting 52 sec; the infusion was then ended. Three minutes after the end of the 
infusion the subject was slightly flushed and his pulse rate again 72/min. 
The blood as before was spun for 5 min, the plasma separated and stored in 
ice. The plasmas were then injected in the test ear. The plasma from blood 
obtained before the infusion caused a slight constriction like that of the 
transferred blood, lasting 11 sec; that from blood obtained during the infusion 
a greater constriction, like that of the blood lasting 57 sec. The noradrenaline 
equivalent of the plasma from blood obtained before infusion was less than 
0-01 yg/l., of the plasma from blood obtained during the infusion, 0-1 yg/!. 
After spinning for a further 30 min the plasmas were filtered for 3 hr, by which 
time approximately half the volume had filtered through. The ultrafiltrates, 
tested on the other denervated ear of the same rabbit, caused reactions closely 
matching those of the corresponding blood and plasma. It seems reasonable 
to conclude from these observations that in man, as in the rabbit, the methods 
described permit the withdrawal of blood from the body and the preparation 
of a protein-free ultrafiltrate without significant alteration in the content of 
free filterable constrictor substances, such as adrenaline and noradrenaline. 
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On this basis we have made a number of exploratory observations on normal 
subjects. Thus, we have tested the constrictor activity of seventeen plasma 
ultrafiltrates prepared from blood drawn on different occasions from seven 
normal male subjects, whose ages ranged between 18 and 64 years and who 
had been resting quietly on a couch and kept warm for at least half an hour 
before sampling the blood. With one exception, the constrictor activity of the 
ultrafiltrates was negligible, less than that of adrenaline 0-01 yg/l. In this 
exception the adrenaline equivalent of the ultrafiltrate lay between 0-1 yg/l. 
and 1 yg/l. The subject, whose blood was tested on five other occasions, was 
; at this time suffering from a cold and from a painful injured knee. While 
‘lying on the couch, he remained uncomfortable and restless. , 

On thirteen of these occasions plasma ultrafiltrates were prepared from blood 
drawn from the same subjects while they were standing, either before or after 
lying down. In each instance the constrictor activity of the ultrafiltrate was 
considerably greater than of that obtained when at rest, the adrenaline 
equivalent being about 0-1 yg/l. 

From one of these subjects also, blood was drawn before and half an hour 
after the intravenous injection of 5 units of insulin. At the half hour, the 
subject was a little pale and mentally clouded, his pulse rate had risen from 
the resting level of 78 to 108, while the blood sugar had fallen from the fasting 
initial level of 80 to 41 mg/100 ml. The adrenaline equivalents of the ultra 
filtrates were less than 0-01 g/l. before insulin, and between 0-5 and 1 yg/l 
after the insulin. 

Except in two instances, the ultrafiltrates from six cases of hypertension 
(three malignant and three essential) have given normal resting values, that is, 
less than adrenaline 0-01 yg/l. In the two exceptions the values were about 
adrenaline 0-1 g/l. But in both instances the subjects were apprehensive 
during the withdrawal of the blood and winced at the insertion of the needle. 
The adrenaline equivalents are those page from normal subjects in such 
circumstances. 

We have not yet had the opportunity to examine in this way the blood of a 
case of phaeochromocytoma or of argentaffinoma. The suspected cases we have 
examined have all proved not to be examples of these conditions and the 
filtrates of resting blood have given normal values on assay. 


DISCUSSION 


The method now described for withdrawing blood from the rabbit has the 
advantage over the earlier one (Armin & Grant, 1955) of allowing the separa- 
tion of plasma and its protein-free ultrafiltrate without significant alteration 
of constrictor activity. This is of value for two reasons. In the first place, it 
allows the conclusion that, in the rabbit, the constrictor activity that develops 
in the circulating blood in response to such stimuli as nervous and muscular 
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activity, haemorrhage, fever and hypoglycaemia, is due mainly or wholly to 
filtrable substances in the plasma. Secondly, it removes the chief difficulty in 
applying the method to human blood. Because of the usual constrictor effect 
of the foreign proteins of human blood on the test artery, we have to rely 
mainly on ultrafiltrates for determining the constrictor activity of circulating 
blood. This determination is less reliable than in the rabbit because with the 
human donor we are deprived of the confirmatory evidence provided by the 
donor’s own denervated extremity and by the intermediate steps of blood 
transfer and plasma injection into the test ear. Nevertheless, the observations 
with test rabbits in which the human plasma proteins did not provoke an 
interfering effect and the observations on the recovery in the ultrafiltrate of 
constrictor substances added to the plasma serve to show that human ultra- 
filtrates can be used justifiably in this way. 

From the observations that have been made so far, it seems that in the 
resting normal man, as in the resting rabbit, the constrictor activity of peri- 
pheral blood and its products is negligible, the adrenaline equivalent being less 
than 0-01 g/l. This agrees with the single observation by Holzbauer & Vogt 
(1954) who found the adrenaline content of human blood in the resting state 
to be less than 0-06 yg/l. Weil-Malherbe (1955), however, found considerably 
larger amounts of both adrenaline and noradrenaline in the plasma of peri- 
pheral venous blood; in the sleeping subject, the content, expressed in terms 
of yg/l. whole blood, was for adrenaline about 1 and for noradrenaline about 3. 

Our observations also show that in man, as in the rabbit, increased con- 
strictor activity is provoked by nervous and muscular activity. Thus, in the 
standing subject constrictor activity is approximately ten times greater than 
at rest, the adrenaline equivalent of plasma ultrafiltrate being about 0-1 yg/]I. 
Grant (1935) recorded an instance in which muscular activity in a patient 
caused constriction in a sympathectomized limb. von Euler & Hellner (1952) 
have shown that muscular work increases the urinary output of both adrena- 
line and noradrenaline. According to Weil-Malherbe (1955), a broad cor- 
relation exists between the plasma adrenaline levels and the level of conscious- 
ness and the extent of nervous activity. Again, both the startled man and 
rabbit show a transient increase in the constrictor activity of the blood. Like 
Holzbauer & Vogt (1954) we also find that insulin hypoglycaemia is associated 
with increased constrictor activity. On the other hand, Weil-Malherbe (1955) 
reports that the intravenous injection of insulin entails an immediate lowering 
of the plasma adrenaline concentration, which precedes the onset of hypo- 
glycaemia. 

The fact that we are unable to detect unusual constrictor activity in the 
resting blood of hypertensive patients does not, of course, mean that their 
blood is free from abnormal constrictor substances. It means only that the 
plasma ultrafiltrate, therefore presumably the blood, does not contain a 
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detectable concentration of filtrable substance that will constrict the central 
artery of rabbit's ear, such as adrenaline, noradrenaline and 5-hydroxy- 
tryptamine. It may well be that a substance constrictor for human arteries 
has not the same effect on rabbit arteries; we already know that histamine, 
which is constrictor for rabbit arteries, is dilator for small human arteries. 
Again, we know that hypertensin, which is thought to act by arteriolar 
constriction, does not appreciably constrict the central artery of the ear, even 
though blood pressure is raised by 30-40 mm Hg (unpublished observations). 
We have not pursued the question of the mechanism of the vascular reaction 
caused by the foreign proteins. The phenomena of delay in onset, arterial 
constriction and sometimes oscillation, minute vessel dilatation and oedema 
suggest an injury resulting from an interaction of the protein with the rabbit 
tissues leading to histamine release. The gross exaggeration of the effect 
provoked by a second injection after an interval suggests an antigen-antibody 
reaction. Schachter (1953) has shown that the isolated sensitized rabbit’s ear 
releases large amounts of histamine when antigen (serum) is injected. 


SUMMARY 


1. Further observations are recorded on the constrictor activity in rabbit 
blood, using the denervated ear of another rabbit as the pharmacological test 
object. 

2. A method is described for withdrawing blood from the donor animal that 
allows the separation of plasma and of plasma ultrafiltrate without significant 
alteration of the constrictor activity. 

3. The constrictor activity that appears in the blood as the result of various 
stimuli is due to filtrable substances. 

4. In a few test rabbits human blood and plasma can be used in the same 
way as rabbit’s blood for detection and assay of constrictor activity. 

5. In most test rabbits the foreign proteins of human plasma provoke a 
constrictor effect that interferes with detection and assay of filtrable substances. 
Ultrafiltrates are free from the interfering effect. 

6. Exploratory observations have been made, using ultrafiltrates, on the 

constrictor activity in normal subjects and in a few patients with hypertension. 


The apparatus for handling the blood was made and largely designed by Mr J. Benson of this 
Unit. We are indebted to Miss Treadgold, Medical Illustrator to Guy’s Hospital, for the illustrations. 
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APPENDIX 


By J. Benson 
Centrifuge head and buckets 

The centrifuge head (Fig. 6 (a) in plan and (6) in vertical section) consists of two circular disks 
(34-3 om diameter, 4-7 mm thick) held together by ten spacing pieces and a central bush, all of 
duralumin. The disks are rough cut and then turned together on the face-plate of a lathe; 3-17 cm 
central holes are machined at the same setting as the larger dimension. 

The central bush, of 5-08 cm dularumin rod, is bored to fit the centrifuge spindle; 3-17 cm 
registers to fit the central holes of the disks must be concentric with the central hole in the bush. 
Six 4 B.a. countersunk screws on a 4-86 cm pitch circle secure each disk to the bush. 

Four bucket apertures are cut in each disk as shown, 5-32 cm wide, 10-95 cm long in upper disk 
and 9-84 om long in the lower. At each aperture, two slotted spacers (5-08 cm x 6-3 mm duralumin 
bar) between the disks carry the bucket. Each spacer is fixed to the disks by four 4 B.a. countersunk 
screws and two 3-17 mm diameter steel dowels. 

The rim is from 22 s.w.c. duralumin sheet in two sections jointed at the spacers 8.8. Forty-four 
6 8.4. 6 mm screws attach the rim to the disks. Countersinks in the rim are formed with a punch 
and the tapped holes in the disk edges countersunk to suit. The spacers 8.8. of 12-7 x 19 mm 
duralumin are each fixed with two dowels and two 4 B.a. screws. All screws are steel. When com- 
plete the head minus buckets is checked for balance. 

The buckets (Fig. 7) are made from 19 s.w.c. mild steel and measure 5-24 x 5-24 x 9-05 cm. 
Construction is by bending; the joint is butted and a separate strip lapped over the joint. The 
bottom is flanged up and fitted inside as shown. The swivel pins are turned from 15-9 mm dia- 
meter steel leaving a head 0-8 mm thick. This head is sited on the inside of the bucket for re- 
inforcement at this point. The pins and all joints are brazed with silver solder. For rust-proofing, 
buckets are electro-tinned. The inner bucket is of Perspex tube (5-08 cm diameter, 3-17 mm wall) 
reduced slightly in diameter. Flats enable it to clear the heads of the swivel pins and the lip at 
the bottom of the outer bucket made by the flanged joint. The 9-5 mm Perspex bottom is turned 
back to 6-35 mm as shown, but the centre tube of 19 mm aluminium is a tight fit for a depth of 
7-9 mm. A lid is constructed of thin Perspex sheet and tube. The base measures 4-9 cm square to 
fit inside the outer bucket. 

Perspex ultrafilter 

The body of the filter (Fig. 8), turned from the solid, is 6-67 cm diameter, 4-45 cm long and 
is bored out 5-08 cm in diameter to a depth of 19 mm. A step 4 mm wide provides a seat for the 
filter paper. Below this step a shallow cone is formed leading to a short tube 9-5 mm diameter with 
an external thread. Within the area of the cone are three short Perspex rods, 3-17 mm diameter, 
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Fig. 7. Centrifuge bucket in vertical section. 
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jointed in blind holes on a 2-07 cm pitch circle. These rods (2 shown in Fig. 8) which-provide 
support for the filter plate must be machined off after jointing to the exact level of the 4 mm wide 
seating. The filter plate is a Perspex disk 5-08 om diam., 3-17 mm thick. Within an area of 
4-45 cm diam. 300 holes are drilled (no. 54 drill). 

The inner wall of the filter chamber is formed by a section of Perspex tubing, 5-08 cm diam., 
3-17 mm thick, 14-3 mm long, which push-fits into the filter body. The cover of the filter chamber 
is a Perspex disk 6-67 cm diam., 6-3 mm thick with a central brass bush. The bush is lined and 
capped on the underside with Perspex. The bush allows filling of, and the application of pressure 
to, the filter. 
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Fig. 8. Perspex filter in vertical section. 


A no. 44 Whatman filter paper is placed between the collodion membrane and the filter plate. 
The filter chamber is sealed by silicone rubber washers 1-6 mm thick placed below and above the 
inner wall. 

Two duralumin plates 8-25 cm diam., 4-7 mm thick with three 0 B.a. steel studs and wing nuts 
cramp the filter parts together. 

A collecting container is attached to the bottom of the filter by means of a threaded union. 
Between the mating surfaces is placed a drip cone with thin polythene washers either side. 

An air bleed nipple is jointed to the upper part of the container after the loose union nut is 
slipped in position. Thin polythene tube, flared at the end, is attached by a small union. 

All Perspex joints are made with chloroform. 
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THE VASOCONSTRICTION CAUSED BY A PYROGEN* 


By J. ARMIN anv R. T. GRANT 
From the Clinical Research Unit, Guy’s Hospital, London, S.E. 1 


(Received 8 May 1957) _ 


It is uncertain whether or not a circulating constrictor substance plays any 
part in the production of fever. The matter was discussed earlier by one of us 
(Grant, 1935). Since then little new evidence has been published, but that which 
has suggests that in both man (Perera, 1941) and the rabbit (Douglas, 1954) 
fever can occur without the release of a constrictor substance into the blood 
stream. However, during the last war we witnessed gross constriction develop 
in the vessels of the feet during a febrile transfusion reaction in a patient 
suffering from a week old crush fracture of the 4th to 6th thoracic vertebrae, 
with complete sensory and motor loss from the 4th segment downwards and 
incontinence of urine and faeces. More recently, we observed rabbits during 
the febrile reaction following 5 or 6 days after inoculation with neurotropic 
herpes virus by our colleagues Boyse, Morgan, Pearson & Wright (1956). The 


vessels of the previously denervated ear became grossly constricted. This 


observation prompted us to examine the problem afresh in the rabbit, using, 
among others, the methods recently devised by us for the detection and assay 
of constrictor substances in the blood (Armin & Grant, 1955, 1957). Briefly, 
we find that during the fever that follows the intravenous injection of an 
Escherichia coli vaccine, the circulating blood acquires constrictor activity 
which is due to the release of several substances into the blood stream. 


METHODS 


Rabbits with three-quarter-lop ears were used mainly. One ear was denervated at least a week 
auricular nerves at the base of the ear. 

In a few preliminary experiments unanaesthetized animals were observed in their cages. Their 
ears were inspected and the rectal temperature measured from time to time. Mainly, however, 
the rabbits were observed in a box (45 x 15 x 15 cm) open in front and on top. The sides and rear 
of the box were of wood and the base of sheet metal. The top of the box was covered with a movable 
rubber sheet. A loosely fitting rubber collar was placed on the rabbit’s neck. The sides of this 
collar, prolonged for 15 cm and slotted near their free ends were attached by these slots to a stud 


* Work undertaken on behalf of the Medical Research Council. 
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on each side of the box. This method of restraint allowed sufficient freedom for the animal to 
change its posture. Usually the rabbit sat quietly with only occasional movements during the 
2-3 hr required. 

The box was placed on a table, the temperature of which could be regulated. During a control 
period of at least half an hour the table temperature was adjusted to maintain the rabbit suffi- 
ciently warm so that the vessels of the normal ear were relaxed and rectal temperature (measured 
by an indwelling thermal junction) remained steady or nearly so. 

The ears, depilated by clipping with scissors, were joined by a strip of gauze and collodion 
across their anterior margins. They projected above, and were held upright by, the front edge of 
the rubber cover of the box. Ear temperature was measured by a copper-constantan thermal 
junction attached by surgical plaster to the skin (previously cleaned with ether) towards the tip 
of the ear and between the central artery and the anterior edge of the ear. The central artery and 
most of the blade of the ear were thus left open to examination by transmitted daylight. Liquid 
paraffin smeared on the skin rendered the vessels more clearly visible. A visible change in the 
calibre of the central artery is followed within a few seconds by a corresponding change in ear 
temperature. In most instances ear temperature was recorded every minute, but, to simplify, 
only 5 min temperatures are shown in the figures. Inspection of the ear is important, because 
differing changes in the calibre of the various classes of vessels provide an indication of the nature 
of the circulating constrictor substance affecting them (Armin & Grant, 1955). 

Blood pressure and pulse rate were measured either by a capacitance manometer through a 
fine polythene catheter (internal diam. 0-28, external 0-61 mm, Clay Adams and Co., New York, 
no. P.E. 10) in the central artery of the normal ear or by a mercury manometer through a larger 
catheter (internal diam. 0-58, external 0-965 mm., Clay Adams and Co., no. P.E. 50) in a femoral 
artery. The fine catheter was inserted through a needle after a local injection of procaine. The 
femoral catheter was inserted while the animal was lightly anaesthetized with pentobarbital 
sodium (Nembutal, Abbott Laboratories) ; at least an hour was allowed to elapse for recovery from 
anaesthetic before proceeding with the experiment. The catheters were maintained patent by a 
slow infusion of sodium chloride solution 0-9% (w/v). For experiments under anaesthesia, we 
used the combination of phenobarbital sodium (Luminal, Bayer Products) and pentobarbital 
sodium previously described (Armin & Grant, 1955). 

Repeated 0-1 ml. blood samples for blood-sugar estimations (micromethod of King & Wootton, 
1956) were drawn from a three-way Perspex tap inserted into the length of the fine catheter in the 
ear artery of the unanaesthetized animal. Before the sample was taken the catheter was cleared 
of saline by drawing off a volume of about 0-1 ml. saline followed by blood. The total blood loss 
for each sample was under 0-3 ml. so that many samples could be taken at 5 min intervals without 
materially affecting blood volume. For larger blood samples and for transferring small blood 
samples to a test ear the catheter was inserted into the marginal or central vein of the ear 
(Armin & Grant, 1955). Plasma ultrafiltrates were prepared by the method of Armin & Grant 
(1957). 

The pyrogen was a vaccine prepared from a strain of Escherichia coli (N.C.T.C. 6064). Stock 
cultures were subcultured into Hartley digest broth from which infusion agar slopes were inocu- 
lated. These were incubated during the night, and the organisms washed off with normal saline 
made with glass-distilled water, centrifuged, re-suspended in saline, centrifuged again and finally 
re-suspended in saline. This suspension was then heated at 60° C for 1 hr. By the use of Brown’s 
opacity tubes (Burroughs Wellcome and Co., Beckenham, Kent) it was estimated that the 
suspension contained 3 x 10° organisms/ml. It was then distributed in 1 ml. ampoules; the 
ampoules were sealed and heated at 60° C for 1 hr. Sample ampoules were tested for sterility. 
The vaccine dose ranged from about 0-005 to 0-3 ml/kg, but was usually 0-1 mi./kg. The 


dose was diluted to 0-5 or 1 ml. with saline and injected usually into the marginal vein of the 
denervated ear. 
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RESULTS 
Unanaesthetized rabbits 
The preliminary observations showed that the intravenous injections of the 


vaccine regularly provoke a febrile reaction. We could detect no significant 
difference between the reaction displayed by animals unrestrained except by 


their cages and that displayed by those restrained by collar and box. 


Temperature (°C) 


Hours 
Fig. 1. Rabbit, 2-5 kg, unanaesthetized. Chart of rectal and ear temperature. 
Room temperature 20-2-20-8° C. At arrow, Z. coli 0-01 ml./kg injected. 


The general features of the reaction 


These are as follows and are illustrated by Figs. 1-3. Usually the injection 
into the denervated ear does not disturb the rabbit; exceptionally it provokes 
transient restlessness. Quickly after the injection the vessels of the normal ear 
contract strongly and the ear temperature falls steeply; any oscillations in 
calibre present before injection cease. Usually the vessels of the denervated 
ear also quickly contract, but only slightly and transiently. Rectal tempera- 
ture soon begins to rise and reaches its height, usually about 2°C above 
initial level, by about 1 hr after the injection. Thereafter it fluctuates slowly 
before falling to normal levels after several hours. The rise of temperature is 
associated with shivering, with a slowed or unchanged respiratory rate and 
with an increased pulse rate (Fig. 2). Blood pressure usually shows no definite 
change; it may rise slightly and temporarily or, exceptionally, fall slightly 
immediately after the injection. As rectal temperature approaches its 
maximum height, the vessels of the normal ear relax and thereafter usually 
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remain more or less dilated, but sometimes they show considerable fluctua- 
tions in calibre. At this time also the vessels of the denervated ear again 
contract slowly and progressively and ear temperature falls steadily over 
about half an hour. Blood pressure usually shows no change; it may fall 
slightly. The constriction of the denervated vessels persists until rectal 
temperature. begins to fall. 

Though individual rabbits display variations, the severity and duration of 
the febrile reaction is in general related to the dose injected. With doses of up 
to 0-1 ml./kg the rabbit is not obviously disturbed. During the second hour 
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Fig. 2. Rabbit, 2-5 kg; unanaesthetized but given 1-0 ml. Nembutal 2 hr previously for insertion 
of catheter into femoral artery. Chart of rectal and ear temperatures, and of respiration rate, 
blood pressure and pulse rate. Room temperature 20-1—20-4° C, At arrow, Z. coli 0-024 ml./kg 
injected. 


an occasional rabbit may become a little restless or, on the other hand, un- 
usually quiet and may droop the head on the forepaws for a time. The reaction 
is over by about 6 hr after the injection. With a dose of 0-2 ml./kg or more the 
animal becomes dyspnoeic and prostrated, lying on its side and passing urine 
and copious loose faeces. Blood pressure at this time may fall considerably. 
The animal may not be fully recovered the following morning. An occasional 
animal has died during the night following the injection. In most instances, 
however, we did not follow the reaction in detail beyond the first 2 hr after 
injection, since within this time the changes in the denervated ear vessels in 
which we were particularly interested had already taken place. 
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Denervated ear | 

From this general account it will be seen that the vessels of the denervated 
ear respond differently from those of the normal ear. They show two phases of 
constriction, which are not due to a fall of blood pressure, (i) an early con- 
striction developing quickly after the injection and (ii) a delayed constriction 
developing about 50 min after the injection. Each phase requires separate 
description. 


Temperature (°C) 


1 Hours 2 
Fig. 3. Rabbit, 2-5 kg, unanaesthetized. Chart of rectal and ear temperatures. 
Room temperature 21-21-5° C. At arrow, Z. coli 0-5 ml./kg injected. 


The early constriction rarely fails. Though it may follow almost immediately 
after injection it usually begins after a delay of a minute or two; occasionally 
the delay is as long as 5 min. In general, the larger the dose the more 
promptly the constriction begins and the greater is its degree. Figs. 1-3 
illustrate the temperature changes associated with this constriction and its 
subsequent relaxation in three animals with widely differing dosage. Fig. 3 
shows that with a large dose the early constriction may not have entirely 
passed off before the delayed constriction supervenes. But even with the 
usual dose of 0-1 ml./kg the degree and duration of the early constriction vary 
considerably. Usually it is small and transient and accompanied by tempera- 
ture fall like those of Figs. 1 and 2, and only exceptionally is great enough to 
cause a fall like that in Fig. 3. 

The constriction affects mainly the central artery and its chief branches. 
There is little or no apparent change in the network of smaller visible vessels 
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and the ground tone of the ear does not pale as would be expected if the 
constriction were due to a circulating adrenaline-like substance. Rather, on 
several occasions when the arterial constriction has been greater than usual 
we have detected a slight flushing of the ground tone. Arterial constriction 
without change in the minute vessels suggests the action of a substance like 


5-hydroxytryptamine; arterial constriction with minute vessel dilatation 
suggests a histamine-like substance. 

The delayed constriction occurs regularly, except after small doses of the 
vaccine (see Fig. 1). It begins 4-1 hr after the injection, commonly at about 
50 min, at the time when rectal temperature is nearing its height and the 
vessels of the normal ear are relaxing. The constriction is progressive and ear 
temperature falls steadily to remain a few degrees above that of the room. 
Exceptionally, as in Fig. 2, it may be interrupted by a temporary relaxation. 
Usually it persists until defervescence begins, several to many hours later, 
depending upon the dose injected. With the usual dose of 0-1 ml./kg the 
vessels are relaxing 4-6 hr after the injection. 

In contrast to what is seen in the early phase, during the late phase the 
constriction of the central artery (to a third or a quarter of its initial diameter) 
and its main branches is associated with reduction in the calibre of the net- 
work of smaller visible vessels and with a definite paling of the ground tone of 


the ear. These vascular changes suggest the action of an adrenaline-like 
substance. 


Hyperglycaemia 

We can confirm the earlier observations that the vaccine injection causes 
hyperglycaemia. The rise of blood sugar, however, does not occur till after the 
beginning of the delayed constriction; no rise accompanies the early con- 
striction even when this is greater than usual (cf. Fig. 8). Like the vascular 
changes in the denervated ear, this hyperglycaemia also suggests the release of 
an adrenaline-like substance during the delayed constriction. 


Cooling 


So far we have been dealing with rabbits warmed during an initial control 
period to maintain rectal temperature constant or nearly so. The injection of 
the vaccine is followed by a considerable rise of rectal temperature. This 
pyrexia, however, is not necessary for the development of constriction in the 
denervated ear. Thus, if heating is withdrawn during the control period, rectal 
temperature slowly falls. The vaccine injection checks the fall and then rectal! 
temperature rises slowly. But in spite of the absence of the usual pyrexia the 
usual vascular reaction takes place in the denervated ear vessels. Fig. 4 
illustrates this; in this example, when the delayed constriction begins at about 


45 min, rectal temperature is only about 0-2° C above that when the injection 
is given. 
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Second dose 


The above description applies to rabbits which have not previously received 
an injection of the vaccine. The injection of a second dose after an interval of 
at least a week provokes an unusually strong early constriction leading to a 
temperature fall of 5-10° C. The constriction is associated with a definite 
flushing of the ground tone and sometimes also by a conspicuous segmental 
oscillation in diameter of the central artery, suggesting the effect of a histamine- 
like substance. On the other hand, the delayed constriction is not exaggerated 
, When a second dose is given. Rather its onset is longer delayed, it develops 
‘ more slowly and is less in degree; paling of the ear is less distinct. 


Temperature (°C) 


Fig. 4. Rabbit, 2-9 kg; unanaesthetized; heating withdrawn. Catheter passed to near heart from 
marginal ear vein and connected to the test ear of another rabbit. Chart of rectal and de- 
nervated ear temperatures and of durations of constrictions provoked by blood transfers 
from donor to test ear. Room temperature 22°C. At arrow, H. coli 0-03 ml./kg injected. 


Condition of vaccine 

The reaction of the denervated ear vessels is also modified by ageing of the 
vaccine. These observations have been made at intervals since the end of 1954. 
During this period we have used four batches of vaccine from the same stock 


culture of E. coli. This was because after periods of about 9 months the vaccine, 
27-2 
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though still provoking the pyrexia and the early constriction, caused only a 
slight or no delayed constriction. On each occasion the injection of freshly 
prepared vaccine gave the expected delayed constriction. 
Anaesthetized rabbits 
Although the two phases of constriction occur in the denervated ear while 
the unanaesthetized animal remains quiet and, so far as we can tell by its 
appearance and behaviour, unalarmed, yet it is possible that emotional and 


muscular activity might be at least in part responsible for the constriction. We 
have therefore repeated these experiments on anaesthetized animals. 
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Duration of constrictions (min) 

Fig. 5. Rabbit, 2-3 kg, anaesthetized; catheter in femoral artery; heating withdrawn. Chart of 
rectal and denervated ear temperatures. Room temperature 24-25° C. At upward pointing 
arrow, £. cols 0-1 ml/kg injected. At downward pointing arrows 1 and 2 blood samples drawn 
from the femoral artery. Beneath are charted details of the constriction of the artery of a 
test ear by the plasmas, P 1 and P 2, separated from the blood samples. The constriction 
due to P 2 was closely matched by adrenaline 1 ug/l. 


The anaesthetized rabbit requires more warming to maintain its rectal 
temperature nearly constant than does the unanaesthetized and the rise of 
rectal temperature following the injection of the vaccine is slower and less in 
degree. Nevertheless, both the early and late constriction of the denervated 
ear develop just as they do in the unanaesthetized animal. Moreover, even if 
heating is withdrawn and the rectal temperature continues to fall after the 
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injection of the vaccine, the expected reaction of the denervated vessels takes 
place. For example, in Fig. 5 when the delayed constriction occurs at about 
50 min the rectal temperature is a degree lower than at the time of the 


injection. 
Adrenalectomy 
After extirpation of the adrenal glands the early constriction develops as 
usual in the unanaesthetized or anaesthetized rabbit in response to either a first 
(Figs. 6 and 9) or second dose of the vaccine (Figs. 7 and 10). On the other 
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Fig. 6. Rabbit, 1-7 kg; bilateral adrenalectomy 4 days previously; anaesthetized; catheter in 
femoral artery and connected to test ear of another rabbit. At the upward pointing arrow, 
E. coli 0-1 ml./kg injected. Chart of denervated ear temperature, of the durations of con- 
strictions provoked by blood samples transferred from the donor to the test ear and details 
of the constrictions caused by the plasmas P 1 and P 2 separated from the blood samples 
taken at the time of the downward-pointing arrows | and 2, Room temperature 24-25° C. 


hand, the delayed constriction usually develops more slowly and to a less 
degree (e.g. Fig. 9), though sometimes, as Fig. 6 shows, the temperature 
response of the denervated ear may differ but little from that in the animal 
with intact adrenal glands. However, the arterial constriction of the delayed 
phase is not accompanied, as it is in rabbits with intact adrenals, by early and 
distinct paling of the ground tone, and the calibre of the smaller visible vessels 
does not diminish to the same extent. As the constriction of the central artery 
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increases, the ground tone of the ear may become a little paler than it was at 
the start, but the appearance of the ear is different from that of a rabbit given 
an intravenous infusion of adrenaline and resembles that caused by an 
infusion of 5-hydroxytryptamine. The rise in blood sugar that normally 
accompanies the delayed constriction is abolished by adrenalectomy as is 
shown in Fig. 9. We find that the intravenous infusion of 5-hydroxytryptamine, 
in a dose (e.g. 90 wg/kg/min for 30 min) sufficient to cause a similar arterial 
constriction and fall of ear temperature, does not cause hyperglycaemia. 


Effect of blood and plasma on a test ear 


By the repeated transfer of 0-1 ml. samples of blood from the donor animal 


to a test ear, the development of the two constrictor phases can be followed in 
detail during the course of the febrile reaction. An approximate assay of the 
blood constrictor activity can be made in terms of a known standard. A more 
accurate assay of the blood constrictor activity at any particular time can be 
made by withdrawing larger blood samples, separating the plasma and injecting 
it into a test ear (Armin & Grant, 1955, 1957). 

Before the vaccine injection, blood and plasma exert only the slight and 
transient constrictor effect expected from unanaesthetized resting or anaesthe- 
tized animals, the adrenaline equivalent being <0-01 g/l. 

Early constriction. During the early phase of constriction, blood and plasma 
from a rabbit with or without adrenal glands exert an increased constrictor 
effect on the test artery which is the greater, the stronger the constriction 
shown by the donor’s denervated ear. In the usual slight constriction of the 
early phase (Figs. 4 and 6) the increase is small, hardly more than can be 
accounted for by variations in the response of the test ear. The equivalent 
activities are those of approximately adrenaline 0-01 yg/l. or 5-hydroxy- 
tryptamine 0-1 ug/l. The increase subsides as the constriction in the donor’s 
ear passes off. With the strong constriction that occurs in response exception- 
ally to a first dose of the vaccine and always to a later repeated dose, the 
constrictor equivalent may rise to about adrenaline 1 yug/l. or 5-hydroxy- 
tryptamine 10 yg/l. or even higher for a brief period immediately after the 
injection ; the activity may not subside before the late constriction supervenes. 
In Fig. 7 there is no separation between early and late phases. 

Delayed constriction. With the onset of the delayed constriction in the donor, 
blood and plasma exert an increasing constrictor effect on the test ear which 
soon comes to a height. Figs. 4 and 6 illustrate these points. In animals with 
intact adrenals the adrenaline equivalent of the activity is about 1 yug/l. or 
a little greater. In animals lacking adrenal glands the adrenaline equivalent is 
sometimes the same but is usually less, nearer 0-1 ug/l. The corresponding 
5-hydroxytryptamine equivalents are approximately five to ten times greater 
than those of adrenaline. 
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Other observations 
The constrictor substances presert in the plasma during both phases pass 
through a filter impermeable to proteins. No difference can be detected by the 
test ear between the activity of plasma and that of protein-free plasma ultra- 
filtrates. 
i Hours 
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Fig. 7 | 
} Fig. 7. Rabbits, 1-8 kg; bilateral adrenalectomy 14 days previously; Z. coli 0-1 ml./kg 10 days 

previously ; anaesthetized, catheter in femoral artery and connected to the test ear of another 
rabbit. At arrow, Z. coli 0-1 ml./kg injected. Room temperature 22:7—24-5° C. Chart shows 
denervated ear temperature and durations of constrictions provoked in the test ear by blood 
samples transferred from the donor. For comparison shown on the right are the durations of 
the constrictions provoked in the test ear by 5-hydroxytryptamine 1 yg/l. and 10 yg/l. 


Fig. 8. Rabbit, 3-6 kg; unanaesthetized; fasting 17 hr; catheter in normal ear central artery. 
Room temperature 23-5-24-3° C. At arrow, 0-1 ml. Z. coli injected. Chart of the denervated 
ear temperature and of arterial blood sugar. At the start of the observation the ear vessels, 
partly constricted by previous activity of the rabbit, gradually relaxed as shown by the 
initially rising ear temperature. 


In rabbits with and without adrenal glands, the plasma of blood drawn as the 
, delayed constriction comes to its height is usually slightly but definitely 

browner in colour than is the plasma of blood drawn before the vaccine 
injection. This colour difference is removed by ultrafiltration. 

Though by the denervated test ear we can detect these substances in low 
concentration and assay them in terms of a known standard, we cannot, so 
far, identify them. The presence of more than one substance in the blood and 
the relatively low concentrations attained render difficult their separate 
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identification and assay by the other methods available. Nevertheless, an 
observation on the effect of plasma extracts on the rat’s uterus shows that the 
substance released during a strong delayed constriction in the absence of the 
adrenal glands is very probably 5-hydroxytryptamine or a closely related 
substance. Thus, EZ. coli vaccine, 0-1 ml./kg, was injected into an anaesthe- 
tized rabbit whose adrenal glands had been excised 6 days previously. Rectal 
temperature was maintained about 39° C and room temperature between 20 and 
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26 
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Fig. 9. Rabbit, 1-9 kg; bilateral adrenalectomy 4 days previously ; fasting 17 hr; unanaesthetized ; 
catheter in normal ear artery. Room temperature 21-3-22-7° C. Chart of denervated ear 
temperature and arterial blood sugar. At arrow, Z. coli 0-1 ml./kg injected. At the start, the 
ear vessels as in Fig. 8. 
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Fig. 10. Rabbit, 3-2 kg ; bilateral adrenalectomy 4 days previously ; fasting 17 hr; unanaesthetized ; 

catheter in normal ear central artery. Room temperature 22-5-23-5° C. EZ. coli 0-1 ml./kg 
7 days previously and again at arrow. Chart of denervated ear temperature and of arterial 
blood sugar. During the strong constriction after the injection, the denervated central 
artery showed segmental oscillations in calibre. 
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22° C. The denervated ear vessels were well relaxed. The vaccine injection was 
quickly followed by a slight constriction of the denervated ear vessels (ear 
temperature falling from 37° to 36°C) which passed off in about 10 min. 
At 47 min after the injection, the denervated ear vessels again began to 
contract; constriction gradually increased and ear temperature fell steadily 
from 37° to 24° C over a period of 70 min. As usual, the constriction affected 
mainly the arteries and the appearance of the ear was like that due to the 
effect of 5-hydroxytryptamine and not of adrenaline. A blood sample was 
drawn 10 min before the vaccine injection when the denervated ear vessels 
were well relaxed and ear temperature only about 2°C below that of the 
rectum. Another sample was drawn at 95 min after the injection when arterial 
constriction was pronounced and ear temperature had fallen to about 28° C. 
From past experience we judged that the constrictor activity of the circulating 
blood would be about 5-hydroxytryptamine 10 yg/l., and therefore probably 
assayable on the superfused rat’s uterus. Both blood samples after 5 min 
centrifuging at 3000 rev/min showed a well-marked buffy layer separating the 
cloudy plasma from the red cells. Further centrifuging for 30 min yielded 
clear plasmas; that from blood drawn during the delayed constriction was 
definitely darker in colour than the control plasma. Acetone extracts were 
made from both plasmas according to the technique of Hardisty & Stacey 
(1955) and the volumes of the residues were made up to the original plasma 
volumes by the addition of double-glass-distilled water. Tested on the super- 
fused rat’s uterus (Gaddum, 1953) constrictor phase plasma extract caused 
contractions greater than those of 5-hydroxytryptamine 10 pg/l., less than 
those of 50 yg/l., and closely matched by those of 20 yg/l. The extract of 
control plasma contained no measurable amount of 5-hydroxytryptamine, 
i.e. less than 10 yg/l. The addition of lysergic acid diethylamide to the super- 
fusing fluid to give a concentration of 50 ug/l. abolished the contractions to 
the plasma extract and to 5-hydroxytryptamine, but did not affect those due 


to oxytocin. 
DISCUSSION 


From our general description it will be apparent that the febrile reaction 
following the intravenous injection of an E. coli vaccine into rabbits under 
our conditions is much the same as that described by other authors, e.g. Grant 
(1949) who used a typhoid-paratyphoid vaccine and Douglas (1954) who used 
a pyrogen extracted from Bacillus proteus. 

So far as we can find, only three previous publications deal with the changes 
in ear vessels deprived either of their sympathetic nerves or of both sensory 
and sympathetic nerves. Both types of denervation render the ear vessels 
abnormally sensitive to constrictor substances (Armin, Grant, Thompson & 
Tickner, 1953). Douglas (1954), whose figures, like ours, show prompt con- 
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striction in the normal ear vessels after the pyrogen injection and subsequent } release 
relaxation of the vessels about the end of the first hour, found no evidence of from th 
constriction in the ear deprived of its sympathetic nerves. Boquet, Delauny, ear ver 
Lehoult & Lebrun (1947), on the other hand, find that there is constriction in The m 

the vessels when the superior cervical ganglion is excised. But these latter the rat 
observations may be left aside since, as Douglas also points out, excision of the | oF clos 
superior ganglion alone leaves the ear vessels still supplied with sympathetic | constr 
fibres passing by way of the vertebral artery from the stellate ganglion. with ¢ 

Pinkstone (1935) used a typhoid-paratyphoid vaccine and ‘sympathectomized ’ | We 

the rabbit’s ear either by removing the stellate ganglion alone or by removing e 5-hydi 

the superior cervical ganglion and severing the auricular nerves. He noted a — | the ac 

fall of temperature in the sympathectomized ear in five of nine rabbits. In two early ] 

of the experiments the temperature of the sympathectomized ear followed im the 

closely that of the normal ear after the injection of the vaccine. In three exagg 

instances there was a distinct decrease in the temperature of the sympath- | 2 aepee 

ectomized ear, but the decrease came on relatively late in the febrile response. | in ot! 

In none of five animals with ‘inactivated’ adrenals was there an immediate | 5-hy¢ 
constriction of the sympathectomized vessels after the injection. A delayed [| unex] 
constriction occurred in three. On the basis of these observations he suggests | teypt 

that: (1) adrenal stimulation is responsible for the vasoconstriction which body 

occurs promptly after the injection, and (2) the delayed constriction is not the he he 

result of liberation of adrenaline into the blood stream but perhaps of some durin 

other humoral substance liberated late in the febrile reaction, possibly from seem 

the pituitary. than 

Our results differ from those of Douglas (1954) and Pinkstone (1935) and seen 

provide strong evidence for the regular occurrence of two phases of constriction | that 

in denervated ear vessels, one early and the other delayed. Both are inde- | WwW 

pendent of blood-pressure changes and of the rise of rectal temperature; | thes 

neither is altered by anaesthetization with pentobarbital sodium and pheno- | strug 

barbital sodium. Both are due to the appearance of constrictor substances in prev 

the circulating blood. These substances are filterable through a membrane Or 
impermeable to protein. rest. 

The nature of these substances is uncertain. However, judging by the | trac 

appearance of the denervated ear, the level of blood sugar and the effects of | that 

. adrenalectomy, it seems highly probable that adrenaline is released from the | wou 
¢ adrenal glands, not as Pinkstone (1935) suggested during the early, but only | view 
3 during the delayed phase. Zwecker & Goodell (1925) also found a rise of blood also 
| sugar following the injection of an E. coli vaccine into the rabbit, and their ‘Goo 
; data show that this rise is delayed till about the end of the first hour, that is, veo 
| about the time of our delayed constriction. Later, Evans & Zwecker (1927) circ 
showed that this hyperglycaemia is prevented by removing one adrenal and 5 


denervating the other. It is clear that adrenaline is not the only substance his. 
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released during the delayed phase and that the other substance, not derived 
from the adrenal glands, does not affect the blood-sugar level or the denervated 
ear vessels as does adrenaline. It therefore could be 5-hydroxytryptamine. 
The more specific test of acetone extraction of the plasma and the effect on 
the rat’s uterus show that the substance is very probably 5-hydroxytryptamine 
or closely related to it. The substance (or substances) responsible for the early 
constriction is not adrenaline-like. The effects at this time are more consistent 
with the release of 5-hydroxytryptamine and possibly histamine as well. 

We have no evidence to indicate the source of the substances resembling 
5-hydroxytryptamine and histamine or the mechanisms by which these and 
the adrenaline-like one are released. It seems possible, however, that the 
early phase is a reaction to the injection of foreign protein, like that evoked 
in the rabbit ear by human plasma (Armin & Grant, 1957) and that the 
exaggeration of the early phase by a second injection after an interval is the 
expression of hypersensitivity to the protein induced by the first injection or, 
in other words, an anaphylactic reaction. If this is so, then a release of 
5-hydroxytryptamine and histamine during the early phase is perhaps not 
unexpected. Humphrey & Jacques (1955) find that im vitro both 5-hydroxy- 
tryptamine and histamine are released from rabbit platelets by antigen—anti- 
body reactions. Dr 8. Udenfriend informs us (personal communication) that 
he has evidence for the release of both substances into the circulating blood 
during the anaphylactic reaction in rabbits sensitized to various antigens. It 
seems likely also that the late phase is due to some factor in the vaccine other 
than that responsible for the pyrexia or that for the early phase. It has been 
seen that pyrexia may occur without constriction in the denervated ear and 
that either constrictor phase may occur without the other. 

We do not know the meaning of the darker coloration of the plasma during 
the delayed constrictor phase. A similar colour change was noted in after- 
struggle plasma (Armin & Grant, 1955), but that coloration was apparently 
prevented by adrenalectomy. We have not pursued the matter further. 

Our observations also provide possible explanations for the conflicting 
results of Douglas (1954) and Pinkstone (1935). Douglas used a pyrogen ex- 
tracted from B. proteus. Dr A. A. Miles, who provided the pyrogen, informs us 
that the method of preparation (acetone extraction and tryptic digestion) 
would remove the greater part, if not all, of the protein. According to our 
view, this would remove the factor responsible for the early phase. It might 
also remove the factor responsible for the delayed phase, since from Zwecker & 
Goodell’s (1925) finding of hyperglycaemia after the injection of a B. proteus 
vaccine, it is very probable that adrenaline at least is released into the 
circulation. 

Several factors may account for Pinkstone’s (1935) inconstant results. Thus 
his doses were smaller than ours and the age of his vaccine is not stated. Again, 
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it may be that the typhoid-paratyphoid organisms are less effective in pro- 
voking release of constrictor substances than is EZ. cols and it may have been 
that his rabbits were less sensitive than ours. Lastly, Pinkstone (1935) seems 
to have relied on temperature changes for evidence of vasoconstriction with- 
out inspection of the ears. His rabbits were enclosed in a box open only at the 
top; thus the ears may not have been sufficiently exposed to room air to 
render temperature changes a good index of vasoconstriction. This is suggested 
by the relatively small falls of normal ear temperature shown in his figures 
compared with those of Douglas and ourselves. Constriction in the denervated 
ear might have been undetected. 

It seems, therefore, that whether or not constrictor substances are released 
into the blood stream during fever depends on the constitution of the pyrogen 
and that another factor affecting release is the sensitivity of the animal to the 
pyrogen. The various elements of the pyrogen responsible for the release are 
unknown, but the protein fraction seems possibly responsible for the early 
phase of constriction. 

What part the released substances play in the fever, or in the illness associ- 
ated with it is not clear. Since one of the actions of both adrenaline and 
5-hydroxytryptamine is vasoconstriction, it seems likely that, by intensifying 
the constriction brought about through sympathetic nerve stimulation, they 
will tend to heighten the fever. But this effect is probably small since the 
substances are present in relatively low concentration and normally innervated 
vessels are much less sensitive to their action than are denervated vessels. But 
they have other actions as well and in this connexion the difference in body 
distribution between adrenaline and 5-hydroxytryptamine should be re- 
membered. Adrenaline is located in the adrenal glands and on release its 
effects are. produced by its reaching the various tissues through the blood 
stream. 5-Hydroxytryptamine, on the other hand, is widely distributed in 
the body and large amounts are present for example in the brain, the gut and 
the platelets. Moreover, since it is known that certain toxins, or pyrogens, 
have affinities for certain tissues, 5-hydroxytryptamine may be preferentially 
released from one site rather than another, e.g. from the brain in a neurotropic 
virus infection, from the gut in an enteric infection. So that one substance, 
e.g. 5-hydroxytryptamine, might produce a variety of local symptoms 
depending on the site from which it is released and before it enters the circu- 
lation to reach distant tissues. | 


SUMMARY 


1. Intravenous injection of a heat-killed suspension of £. coli into a rabbit 
provokes a febrile reaction which is accompanied by two phases of constriction 
in the vessels of the denervated ear, one early and the other delayed. 

2. Both phases, which are independent of the rise of body temperature, are 
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due to the appearance of filtrable substances in the circulating blood. The 
substance in the early phase resembles 5-hydroxytryptamine; those in the 
delayed phase resemble adrenaline and 5-hydroxytryptamine. 

3. The phases are modified when the pyrogen is injected again after an 
interval. The early phase is exaggerated and is due to the release of substances 
resembling 5-hydroxytryptamine and possibly histamine. The delayed phase 
is diminished, 

4. The adrenaline-like substance is derived from the adrenal glands; the 
source of the others is unknown. 


, Weare indebted to Professor R. Knox of the Bacteriological Department of this School for the 


preparation of the vaccine. 
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é 


Calcium and magnesium ions are known to have specific and opposite effects 
at the prejunctional nerve terminals of several cholinergic synapses. A nerve 
impulse releases more acetylcholine (ACh) if the concentration of Ca is raised, 


within limits, or if that of Mg is lowered (del Castillo & Stark, 1952; del Castillo Fig. 1. 
& Engbaek, 1954; Hutter & Kostial, 1954). . 
del Castillo & Katz (19544, b) have discussed this antagonism and have put th 
forward tentatively the hypothesis that Ca and Mg compete for some site or 
carrier molecule, X, in the nerve endings: on the arrival of an impulse, the 
calcium compound alone breaks down to give Ca and an active form of X, X’, 
| which can release or allow the passage of ACh. Thus the output of ACh should 
depend on the proportion of the total concentration of X which is combined Tabli 
with calcium. | amp! 
In the present experiments, end-plate potentials (e.p.p.’s) in curarized frog del C 
| muscle have been measured over a range of Ca and Mg concentrations, and most 
. the results have been compared with the predictions of this hypothesis. clusi: 
of th 
METHODS are 
The experiments were performed on the sartorius nerve-muscle preparation of the frog (Rana amo' 
P temporaria) during the months October to February at a room temperature which varied between TI 
vi 19 and 23° C. 
: Measurement of e.p.p.'s The movable liquid electrode (Fatt, 1950) was used to measure the “a 
| e.p.p. amplitudes in the way described by del Castillo & Engbaek (1954). During a determination t 
f the nerve was stimulated at a frequency of 20/min. The time course of a typical experiment is follo 
a shown in Fig. 1. The muscle was bathed alternately in Ringer’s solution and in variants of this, 4 and, 
“ being washed at least twice with each new solution. The amplitude of the e.p.p. in a critically tain 
se curarized muscle was usually about 3 mV. Other e.p.p. amplitudes were expressed as a percentage 
: of this, except where otherwise stated. qua. 
Solutions. The Ringer’s solution used had the following ionic composition : (mm) Na, 115;K, 2:1; F 
Ca, 1-8; all the salts were used as chlorides. All solutions were isotonic, alterations in the Ca and by c 
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Mg concentrations being compensated by adjustments in the amount of Na in the solutions. The 
resulting change in electrical conductivity was never greater than 4% and its effects could be 
neglected. Neostigmine methylsulphate (Roche Products) was used in several experiments in 
a concentration of 1 x 10~* g/ml. Tubocurarine chloride (Burroughs Wellcome and Co.) was used 
in a concentration just sufficient to block transmission. In twenty experiments this varied 
between 1-4 and 2-0 x 10-* g/ml. 


1" 
Ca 045 mm Ca 18 mM 

4b 
> 
2 Ca 72 mM 
Mg 20 mm Ca 72 mM 
§ Mg 10 mm 

0 1 2 3 a 5 6 7 8 

Time (hr) 


Fig. 1. Time course of typical experiment. The effect on the e.p.p. amplitude of several con- 
centrations of Ca and Mg is shown. Ordinate, amplitude of e.p.p. (mV); abscissa, time in 
hours from completion of curarization. @, e.p.p.’s in Ringer’s solution; ©, in solutions of 
the composition indicated. 1-8 x 10-* g/ml. tubocurarine chloride present throughout. 


RESULTS 
End-plate potentials in curarized muscle 

Table 1 shows the effect of a range of Ca and Mg concentrations on the 
amplitude of the e.p.p. in curarized muscle. del Castillo & Stark (1952) and 
del Castillo & Engbaek (1954) have shown that the changes are due for the 
most part to the effect of Ca and Mg on the release of ACh. Before any con- 
clusions about prejunctional events can be drawn from the quantitative action 
of these ions, several small post-junctional effects must be allowed for. These 
are discussed below and the values of Table 1, altered by the appropriate 
amount so as to make them comparable, have been plotted in Fig. 2. 

The first is due to Mg which, in the presence of curare, is known to increase 
the depolarization produced by ACh applied in the bathing solution (del 
Castillo & Engbaek, 1954). It has been assumed that the depolarization which 
follows the release of ACh from the nerve endings is affected in the same way 
and, in order to allow for this, e.p.p. amplitudes measured in solutions con- 
taining Mg have been diminished by a small amount, calculated from the 

quantitative results of del Castillo & Engbaek. With 8 mm-Mg this is 16%. 
Fatt & Katz (1952) have shown that the amplitude of the e.p.p. is altered 
by changes in the sodium content of the bathing solution. In the present work 


| 


436 D. H. JENKINSON 


Taste 1, Effect of Ca and Mg ions on the amplitude of the e.p.p. in curarized frog muscle. 
Amplitudes have been expressed in arbitrary units, relative to that in Ringer’s solution which 
is taken as 100. The mean values, + s.£. of the means, are given in the table: * 3determinations, 


mM-Ca No Mg 1 mu-Mg 2 mmu-Mg 4 mu-Mg 8 mm-Mg 
0-45 7341* 28+1* 
0-90 40+2* 21+1* 16+0-6* 4-240-2* 
1-80 100 75+3* 57+2* 38+3* 13+41* 
3-60 16143f 1494 7* 136+ 3* 109+ 1* 77+3* 
7-20 221+ 6f 208+ 11* 180 + 16* 176 + 12* 163+45* 


/ 
/ 
/ 
/ 

% 

: 

4 

0-90 1-80 +60 720 


Calcium concentration (mM) 


Fig. 2. Effect of Ca and Mg ions on the e.p.p. amplitude of curarized frog sartorius muscle. The 
amplitudes have been expressed in arbitrary units, that in Ringer’s solution, with 1-8 mm-Ca 
and no Mg being taken as 100. The results are those of Table 1, altered by a small amount to 
allow for post-junctional effects (see text). The symbols refer to the following concentrations 
of Mg(mm). @, no Mg; ©, 1; O, 2; @, 4; ©, 8. Each point is the mean of several deter- 
munmions and -t the 8.2. of the mean has been shown where this exceeds the size of the 
symbol. 
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the concentration of this ion was adjusted in order to maintain tonicity, and 
the observed amplitudes must be altered by a small amount in order to 
distinguish between the changes due to Ca and Mg and’those produced by 
sodium. In the most extreme case, with 7-2 mm-Ca and 8-0 mm-Mg the e.p.p. 
must be increased by 19%. 

Hutter & Trautwein (1956) have shown that stretching a muscle not only 
increases the amount of ACh released by a nerve impulse but also lowers the 
relative increase produced by raising the calcium concentration. In the present 
work, the degree of stretch, although constant during an experiment, no doubt 
varied from preparation to preparation. The moderate reproducibility of the 
results showed that this did not introduce a great error except perhaps in 
those solutions which contained either a very high or a very low concentration 
of Ca: with these, the relative variability of successive determinations was 
larger than was observed with more nearly physiological concentrations. With 
three out of nine muscles tested it was found that immersion in a solution 
containing 7-2 mm-Ca caused the e.p.p. amplitude first to rise, as expected, 
but then to fall to a very low value. This phenomenon was not examined 
further; however, it was noticed that Mg accentuated the effect, suggesting 
that it is due to the onset of inexcitability in the finer nerve branches. Such 
results were rejected. Fatt & Katz (1952) observed a seasonal variation in the 
€.p.p. response to low calcium concentrations and thus it seems that less weight 
should be placed on those results obtained with the two extremes of Ca 
concentration. 

The results shown in Fig. 2 can be compared to the scheme put forward by 
del Castillo & Katz. There are two equilibria: 


Ca+X=CaX, 
Mg+X=—MgX. 


If it is assumed that the total concentration of X, bound and unbound, is 
[X,] and also that X reacts according to the law of mass action, then 


[Ca] —([CaX] —[MgX]}=K,[CaX], 

[Mg] [MgX], 
where K, and K,, are the dissociation constants of the complexes CaX and 
MgX respectively. Hence, 


(1) 


The relationship between [CaX] and the amplitude of the e.p.p. is unknown, 
but it is possible to derive some information about the antagonism from the 
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one value: this should correspond to a certain [CaX]. If the concentration of 
Ca which will give this value of [CaX], in the absence of Mg, is (Ca’], then 


{Ca} _, , [Mg] 2 
therefore 1+ (2) 
(a) ° 
160 
6 
5 


(b) 


Ca concentration (mM) 
~ w 
= 
Initial slope of lines shown in (a) 


Mg concentration (mM) {Ca’} (mm) 


Fig. 3. (a) Relationships between the concentrations of Ca and Mg ions in solutions which wil) 
‘maintain the amplitude of the e.p.p. at any one value; data taken from Fig. 2. The number 
associated with each line shows the level of e.p.p. amplitude, on the ordinate of Fig. 2, for 
which the relationship has been plotted. (b) Initial slope of curves in (a) plotted against [Ca’], 
the intercept which these lines make with the ordinate. The two values shown by the symbol} 
© are from data obtained in the absence of tubocurarine (O, Fig. 5). 


Thus if the amount of Ca in the bathing solution is increased, and if sufficient 
Mg is also added to keep the e.p.p. amplitude at its original value, [Mg] should 
be proportional ‘to [Ca]. In Fig. 3a the relationship between [Ca] and [Mg] 
has been plotted for several values of the amplitude using the data of Fig. 2. 
The initial slope of these lines is shown as a function of [Ca’] in Fig. 36, and it 
is seen that the relationship is fairly linear, as would be expected from 
Equation (2). The slope of this line suggests that K,;, the dissociation constant 
of MgX, is about 4 x 10-*m. The intercept which this line makes on the abscissa 
of Fig. 3a may arise from the small standing concentration of Ca near the 
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nerve endings which will result from the slow loss of this ion which takes place 
from muscle fibres immersed in low-Ca solutions. 

The lines of Fig. 3a deviate markedly from linearity with high concentra- 
tions of Ca and Mg. The explanation of this is uncertain, but may be due to the 
fact that, in this range, the allowances made for the post-junctional effects of 
Mg, and the displacement of Na, become rather large and these effects may 
not be independent of each other, as has been assumed. However, this should 
not affect appreciably the initial slopes. 


150 


Amplitude of e.p.p. in arbitrary units 


1 2 3 4 5 6 7 
Ca concentration (mM) 


Fig. 4. Amplitudes of e.p.p.’s in arbitrary units, plotted with the concentration of Ca on a linear 
scale. Data from Fig. 2 (different scale). @, points measured in Mg-free solutions; ©, solu- 
tions with 8 mm-Mg. 


Equation (2) does not depend on any particular quantitative relationship 
between the output of ACh and [CaX] (and thus on [Ca], from Equation (1)). 
It was hoped that some simple connexion between the two might be found. 
Two of the curves of Fig. 2 have been replotted, with [Ca] on a linear scale, 
in Fig. 4. It is seen that the slope increases initially and that there is a point 
__ Of inflexion. This type of relationship could be explained in several ways: it 
would be expected if the entity X normally reacted with two atoms of Ca: 

2Ca +X = Ca,X. 
Mg might be expected to react similarly: 
2Mg+X=—Mg,X. 
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If this were the case the relationship 
Kr, 


should hold in place of Equation (2), for any one value of the e.p.p. amplitude. 
However, the data fit Equation (2) more closely. In an attempt to distinguish 
between other alternative explanations for the initial increase of slope of the 
curves of Fig. 4 a few experiments were made to see if the relationship between 
e.p.p. amplitude and Ca was altered when (1) the solution contained no tubo- 
curarine, and (2) when the acetylcholinesterase was inhibited. The results are 
given in the next main sections. 

Since the primary action of ACh at the end-plate is to produce an increase in membrane con- 
ductance, it would be expected that this increase (AG) would be more closely related to the output 
of ACh than would be the resulting depolarization (AZ); for Martin (1955) has shown that only 
small values of AG and AZ are linearly related. However, if the conductance changes are esti- 
mated, in the way shown by Martin, the relationship between the concentration of Ca and AG has 
a similar initial increase of slope, and point of inflexion, so that some other explanation for these 
features must be sought. 


End-plate potentials in the absence of tubocurarine 
Neuromuscular block was established using a modified Ringer’s solution 
with 0-90 mm-Ca and 8-0 mm-Mg. When the e.p.p. had come to a steady value 
this solution was alternated with others which also maintained the block 
without tubocurarine and the effect on the amplitude of the e.p.p. was found. 
The results are shown in Table 2. 


TaBLz 2. E.p.p. amplitudes measured in muscles in which transmission has been blocked by 
using low Ca, with or without Mg; each point is the mean of three determinations and the 
e.p.p.’s have been expressed relative to the value, taken as 100, in a solution containing 
0-90 mm-Ca and 8-0 mm-Mg, +8.5. of the mean. 


mm-Ca No Mg 1 mu-Mg 2 mu-Mg 4 mu-Mg 8 mm-Mg 
0-30 267 + 23 
0-45 32744 125414 


In three out of four muscles tested a solution with 0-90 mm-Ca and 4-0 mm- 
Mg maintained block. Since the reduction of e.p.p. amplitude produced by 
a solution of this composition had been measured in a curare-blocked muscle it 
was possible to relate the results of Table 2 to those of Table 1. Both sets of 
values have been plotted in Fig. 5 after the appropriate allowances for post- 
junctional effects had been made. After scaling the curare-free results so as to 
make them fit the curare-blocked results with 4-0 mm-Mg, the other points 
agree well with their appropriate curves, suggesting that the relative effects 
of Ca and Mg are little changed by the presence of tubocurarine. 
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Amplitude of e.p.p. in arbitrary units 
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Fig. 5. Effect of Ca and Mg ions on the e.p.p. amplitudes of frog sartorius muscle. E.p.p.’s again 


in relative units with that in Ringer’s solution taken as 100 (log-log scale). The five curves 
from left to right correspond to magnesium concentrations of 0, 1, 2, 4 and 8 mm respectively, 
Each value shown is the mean of three or four determinations and is from the results shown 
in Tables 1-3, adjusted slightly to allow for post-junctional effects as described in the text. 
@, points measured in the presence of tubocurarine (data also plotted in Fig. 2); ©, with 
tubocurarine and 1 x 10~* g/ml. prostigmine; ©, in a tubocurarine-free solution. In order 
to relate the values measured in the absence of tubocurarine to the others, the e.p.p. amplitude 
in a tubocurarine-free solution containing 0-90 mm-Ca and 4-0 mm-Mg has been assumed to 
be 4-2; this value has been chosen as it is the e.p.p. amplitude (relative to that in Ringer’s 
solution, taken as 100) observed in a similar solution which also contained tubocurarine; see 
Table 1. This procedure was used because only at this point do the two sets of data, which 
have been measured on the sartorii of different frogs, overlap. 
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End-plate potentials measured in the presence of prostigmine 

In order to inhibit the cholinesterase, prostigmine was added to the bathing 
solution in a concentration of 1 x 10-* g/ml., together with sufficient tubo- 
curarine to produce block. The effects of several concentrations of Ca and Mg 
are shown in Table 3 and these results, altered by small amounts to allow 
for post-junctional effects, are also plotted in Fig. 5. It is seen that the form 
of the curves relating the concentrations of Ca and Mg to the e.p.p. does not 
depend to a great extent on the activity of the cholinesterase. 


TaBtx 3. E.p.p. amplitudes measured in the presence of 1 x 10-* g/ml. prostigmine and sufficient 
tubocurarine to produce block. Each value is the mean of three determinations; the s.x. 
of the mean is also given. The amplitudes are expressed relative to that in Ringer’s solution 
(containing the same concentration of tubocurarine and prostigmine) which is taken as 100. 


No Mg 8 mm-Mg 
0-45 7641-5 
1-80 100 ll+1 
3-60 187+6 68+3 
DISCUSSION 


The results show that the e.p.p. is very sensitive to a wide range of Ca and 
Mg concentrations. It is known that summer frogs contain twice the blood 
Ca of winter frogs (de Boer, 1918) and also that the plasma Mg varies with the 
season. The number of muscle fibres in which the e.p.p. amplitude exceeds 
threshold may thus vary under physiological conditions, e.g. with the time of 
the year. 

The hypothesis tested in Fig. 3, which seems to fit the data reasonably well, 
involves the assumption that Ca and Mg act competitively at nerve endings. 
If Mg acts by deactivating the CaX compound, that is, if there is no competi- 
tion between the ions, a different relationship should hold. 


The two equilibria are 
Ca+X—CaX, 


Mg +CaX=CaMgX (inactive). 
Then [CaX] = = 


1 
[Ca] Ky,,K, 
This predicts that [Mg] should be linearly related to the reciprocal of [Ca] under conditions where 
it has been shown (see Fig. 3a) that the two concentrations are more nearly directly proportiona|. 
If Mg and Ca combined with different points or groups on X so as not to compete directly with 


one another, and if the molecules combined with Mg were again inactive, another relationship 
should be followed. 
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The concentration of X molecules combined with Ca would be 


regardless in this case of the presence or absence of Mg. Some of these molecules would be com- 
bined with Mg as well. The concentration of X molecules in combination with Ca alone, and thus 


active, would be > 
where K,, is the dissociation constant of the Mg compound, [Ca’] being as defined before. Hence 
K,+{Ca 

| 
If K,>(Ca], [Mg] and [Ca] should be linearly related, and it would be impossible (by this 
test alone) to distinguish between this type of inhibition and the competitive form (compare 
Equation (2)). However, the former seems less preferable for the following reason: if the inhibition is 
. not competitive, and if K,>[(Ca], K,, is about 4 x 10-*m, from Fig. 36. Since the effects of a small 
amount of Mg can be reversed by an even smaller amount of Ca (see Fig. 2) it is likely that 
K,<K,,. Thus K, is probably of the same order of magnitude as [Ca], not much larger, and 
Equation (3) predicts that if [Ca] is plotted against [Mg], the lines should not only deviate from 
linearity but should do so in the opposite direction to that found experimentally in Fig. 3a. 

The shape of the curves (Fig. 4) relating the size of the e.p.p. and [Ca], at 
a fixed [Mg], does not seem to depend on either the activity of the cholinesterase 
or the presence of tubocurarine (Fig. 5). However, there remain several other 
possible explanations of the initial increase of slope and point of inflexion; 
these features would be expected if, for instance, there was a threshold con- 
centration of CaX required to produce an end-plate response, or if the relation- 
ship between the total amount of ACh released and the resultant depolariza- 
tion had the same initial slope increase. 

The present work supports the hypothesis of a calcium compound (CaX) 
which controls the nerve impulse-induced release of ACh. It must be pointed 
out, however, that the evidence is still very indirect and the hypothesis may 
not survive a more direct experimental test. 


SUMMARY 
1. The effect of a range of Ca and Mg concentrations on the amplitude of 
the e.p.p. in frog muscle has been measured, using external electrodes. 
2. The relationship between those concentrations of Ca and Mg which 
- Maintain the e.p.p. amplitude at any one level is in reasonable agreement with 
what would be expected on the basis of competition between the ions for 
a receptor molecule which controls the amount of ACh released by a nerve 
impulse. 
3. The dissociation constant of the Mg-receptor complex appears to be of 
the order of 4x 
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A COMPARISON OF THE HEAT ELIMINATION FROM 
THE NORMAL AND NERVE-BLOCKED FINGER 
DURING BODY HEATING 


By I. C. RODDIE, J. T. SHEPHERD anv R. F. WHELAN 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 3 June 1957) 


Lewis & Pickering (1931) found that body heating caused vasodilatation in the 
little fingers of patients with Raynaud’s disease. Ulnar nerve block did not 
cause a similar vasodilatation but prevented vasodilatation when the subject 
was subsequently heated. They concluded that nerve block had removed the 
influence of vasodilator fibres to hand vessels. This result has been confirmed 
by Fatheree & Allen (1938), but the phenomenon has not been observed in the 
normal hand. 

During body heating, blocking the vasomotor nerves to the normal hand 
does not reduce the blood flow through it (Sarnoff & Simeone, 1947; Arnott & 
Macfie, 1948; Gaskell, 1956). While this finding provides strong evidence that 


.the blood vessels of the normal hand are supplied exclusively with vasocon- 


strictor fibres, another explanation could be that during body heating a stable 
vasodilator substance is formed in the skin. If this is so, blocking the nerves 
during body heating would not immediately decrease the flow but only when 
the vasodilator substance had been either removed.or destroyed. Support for 
such a possibility was provided by Fox & Hilton (1956), who demonstrated 
bradykinin-forming activity in sweat collected from the hand and forearm 
during body heating, and have more recently found bradykinin activity in 
skin tissue fluid during heating (Fox & Hilton, 1957). 

In the present experiments the heat elimination from a nerve-blocked finger 
was compared with that from an intact finger before and during body heating. 
It was considered that if a stable vasodilator substance were normally formed 
in digital skin as a result of sympathetic activity during body heating, nerve 
block carried out before heating commenced would prevent its subsequent 
formation on that side. If this were the case and the substance played an 
important part in the hand vasodilatation, the heat elimination on the nerve- 
blocked side would be less than on the intact side at the height of heating. 
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It was found, however, that during body heating the heat elimination from 
the nerve-blocked finger was of the same order as, or greater than, that fro 


the intact finger. 


METHODS 


The experiments were carried out on four healthy men comfortably seated in a room at 20-23° C. 
With the arms in the dependent position, the heat elimination from the distal phalanges of the 
left and right little fingers to water at 29° C was measured using standard calorimeters (Greenfield 
& Shepherd, 1950). Nerve block was performed by infiltration of 2-3 ml. of 2% lignocaine with 
adrenaline (1:50,000) around the ulnar nerve at the elbow. Body heating was carried out by 
immersing the subject's feet and calves in stirred water at 42-44° C and wrapping him in blankets. 
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Fig. 1. The effect of nerve block and of body heating on the heat elimination from the finger tips 
of four subjects. O, Heat elimination from distal 2-8 cm of left little finger; @, heat elimina- 
tion from distal 2-8 cm of right little finger; f, left ulnar nerve block; ¥, right ulnar nerve 


block. The clear rectangles represent the periods of body heating. Each point represents the 
heat elimination measured over a period of 1 min. 
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RESULTS 


The results of the four experiments on the four subjects are shown in Fig. 1. 
At the beginning of the experiments the heat elimination from both finger tips 
was similar. The left ulnar nerve was then blocked and this resulted in a large 
increase in the heat elimination from the left finger tip owing to release of 
vasoconstrictor tone in the digital vessels. When the heat elimination from the 
nerve-blocked finger tip became steady at the new level the subject was heated 
by immersing his feet and calves in warm water. The heat elimination from 
the intact finger tip then increased until it approached or reached the level 
of heat elimination from the nerve-blocked finger: in no case was the heat 
elimination from the intact finger greater than that from the nerve-blocked 
finger. In two of the experiments (W.L. and W.M.), the right ulnar nerve was 
then blocked. This procedure caused no appreciable alteration in the heat 
elimination from the right finger tip. 


DISCUSSION 


Interpretation of these results must be made with certain reservations. 
A quantitative comparison of heat elimination from two finger tips necessitates 
a constant degree of immersion of the fingers in the calorimeters. In the present 
experiments this was rendered less certain since it was difficult for the subject 
to co-operate in assessing the depth of the anaesthetized finger in the calori- 
meter. However, the depth of immersion of the nerve-blocked finger was 
carefully checked at intervals throughout the experiment. 

In two of the experiments the heat elimination from the normal finger was 
less than that from the nerve-blocked finger at the height of heating. This may 
have been because the degree of heating was insufficient to cause a full release 
of vasoconstrictor tone, but this is unlikely in the case of W.M., since nerve 
block did not further increase the heat elimination. A further possibility is 
that the precooling effects on arterial blood may have been different on the 
two sides. However, precooling was minimized by wrapping the arms in 
woollen cloth. It might be argued that during body heating the hand blood 
vessels are so dilated, owing to full release of vasoconstrictor tone, that the 
presence of a local vasodilator substance might be unable to dilate the vessels 
further. However, application of local heat to the hand can further increase 
flow through the hand of a subject at the height of body heating, which would 
suggest that body heating does not maximally dilate hand vessels (Roddie & 
Shepherd, 1956). It is possible of course that the vessels of the fingers behave 
differently from those of the whole hand. 

Within the limits of these reservations the results suggest that sympathetic 
activity does not result in the formation of a stable vasodilator substance in 
the hand which plays an important part in the vasodilatation during body 
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heating. The findings therefore support the conclusions of Sarnoff & Simeone 
(1947), Arnott & Macfie (1948) and Gaskell (1956) that the hand dilatation 
during body heating can most easily be explained by release of vasoconstrictor 
tone. 
SUMMARY 

1. The heat elimination from a nerve-blocked and an intact finger was 
compared before and during body heating in four subjects. 

2. During heating the heat elimination from the intact finger approached 
but did not exceed that from the nerve-blocked finger. 

3. It is concluded that sympathetic activity during body heating does not 
result in the formation of a stable vasodilator substance in digital skin. 
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FUNCTIONAL CHANGES PRODUCED IN THE ADRENAL 
CORTEX OF THE RAT BY ADMINISTRATION OR BY 
RELEASE OF CORTICOTROPHIN 


By MARGARETHE HOLZBAUER anp MARTHE VOGT 
From the Pharmacology Department, University of Edinburgh 
(Received 11 June 1957) 


This work forms part of an investigation which seeks to determine whether 
changes in function accompany the morphological changes produced in the 
adrenal cortex by the administration of drugs. The majority of drugs exert 
their action through a release of corticotrophin (ACTH), and this paper will 
therefore deal with the effect of various forms of administration of ACTH on 
the appearance and secretory performance of the adrenal cortex. Procedures 
known to cause release of endogenous ACTH will also be dealt with. Only 
corticosterone secretion is measured in these experiments. It is the only gluco- 
corticoid known to be secreted by the rat adrenal. 

The purpose of the work was to assess cortical activity by the most direct 
means possible, that is by estimating the hormone secreted into the blood. 
In large animals this can be achieved while the animal is resting and unstressed 
as was shown by Hume & Nelson (1954), who implanted a permanent cannula 
into the left adrenal vein of the dog. To obtain adrenal vein blood in small 
animals, a major operation under surgical anaesthesia is required, and adreno- 
cortical secretion, far from representing resting levels, is greatly accelerated in 
these experimental conditions. Some preliminary experiments were therefore 
carried out in order to assess more precisely the extent to which the surgical 
procedures stimulated cortical secretion. 


METHODS 


Operations, Male rats of about 250-400 g body weight were anaesthetized with urethane 
(1-75 g/kg subcutaneously) or pentobarbitone (45 mg/kg intraperitoneally). One femoral vein was 
cannulated to permit intravenous injections, the left renal hilum was tied, the left renal vein 
exposed and tributaries other than the adrenal vein were tied. After the injection of heparin 
(1000 i.u./kg) and the occlusion, by a ligature or by a fine clip, of the renal vein at its entry into the 
vena cava, a cannula was rapidly introduced into the renal vein near its origin and the escaping 
blood collected into ice-cooled siliconed centrifuge tubes. The clip was used when more than one 
sample was required and collection had to be interrupted. 
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Estimation of corticosterone. The plasma prepared from adrenal blood was extracted, the extra:t 
purified, chromatographed on paper and the corticosterone region located on the paper by v.v. 
absorption. The steroid was eluted from the paper and estimated colorimetrically by its reaction 
with blue tetrazolium, absorption at 520 my being measured in a Unicam spectrophotometer. This 
instrument gave better results than the Spekker absorptiometer used previously; cells of 1 cm 
light path were used, and 4 ml. ethanol was added to the reaction mixture after incubation. Fur- 
ther dilution of the solutions was not required with amounts of steroids up to at least 25 yg per 
sample. For all other details of procedure see Vogt (1955). 

Injection schedules. thi. wenn given subcutaneously. 
For the short-term treatment with ACTH the injections were spread over a period of 36 hr, 
4 doses of long-action ACTH (Cortrophin Z, Organon Laboratories, called ‘ACTHZ’) being in- 
jected twelve-hourly together with doses of soluble ACTH ; two additional doses of soluble ACTH 
were given 4 and 8 hr after the second of the twelve-hourly injections. ACTH-Armour was used for 
the early, ACTH-Organon for the later, experiments. The hormones were of porcine origin and 
contained between 1-2 and 2-5i.u./mg. In most experiments, each dose of soluble ACTH was 
4 i.u., each dose of ‘ ACTHZ’ 5 i.u., so that the total given amounted to 44 i.u. Two rats had a total 
of only 16 i.u. (12 i.u. soluble and 4 i.u. long-action ACTH) and two a total of 54i.u. (24 i.u. soluble 
and 30 i.u. long-action ACTH, 6 doses having been given instead of the usual 4). Adrenal blood 
was collected between 1} and 4hr after the last injection. The long-term treatment consisted of daily 
injections of 1 iu, ‘ACTHZ’ for periods ranging from 7 to 14 days, or of 2 daily injections of 
liu. ‘ACTHZ’ for 4 days. The interval between blood collection and the last injection was 
24 hr when 1 i.u./day had been given, and 13-15 hr after 2 i.u./day. 


RESULTS 
Intravenous infusions of ACTH 
In order to see whether the collection of adrenal vein blood from a rat chal- 
lenged the adrenal cortex to maximal activity or left room for further 
stimulation, two consecutive 15-minute samples of adrenal blood were collected, 
one being taken before, the second during and immediately after an infusion 
of ACTH. The results were checked by experiments in which two consecutive 
samples of adrenal blood were taken, but no ACTH was administered. In all 
experiments the femoral blood pressure was recorded, and small quantities of 
rat blood were infused whenever the blood pressure showed signs of declining. 
Tables 1 and 2 summarize the results. Table 1 shows that, when no ACTH was 
given, the secretion rate of corticosterone was steady during the collection of 
the two samples. Table 2 indicates that the effect of infusing ACTH was not 
consistent. When the mean of all the first samples (28-1 + 2-6) is compared with 
the mean of all the second samples (33-6 + 2-4), a small increase is seen which 
is not significant. If, however, the rats are grouped according to the size of 
their initial secretion, it is obvious that the rats (Nos. 1-5) with an initial 
secretion below the mean of the whole group responded to ACTH with a 
significant increase in corticosterone production, whereas the remaining rats, 
in which secretion was high initially, showed but small fluctuations in either 
direction. It is of interest that the highest figures obtained after an infusion of 


ACTH did not appreciably exceed the highest spontaneous secretion rate 
(see rat No. 10). 
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It follows from these observations that the secretion rate as measured in 
these experiments is either maximal or not far from maximal; obviously the 
anterior pituitary of rats subjected to cannulation of the renal vein produces 
enough ACTH to ensure that the adrenal cortex works to full or nearly full 
capacity, so that very little further stimulation is exerted by exogenous 
ACTH. In spite of the fact that exogenous ACTH thus had little effect on 


TaBLE 1. Corticosterone content of two consecutive 15 min samples (S, and 8,) 
of adrenal vein blood collected from the same rat 


Bod collected (g) Weight of a min 

Expt. weight ‘ left adrenal nels 
no, (g 8, 8, (mg/kg body wt.) 8, 8, (%) 
i 242 2-2 2-1 80 22-1 21-1 -45 
2 294 15 1-4 71 33-2 33-7 +15 
3 280 1-7 1-7 73 30-5 32-5 +6-7 
Mean +1-2 


Experiments in pentobarbitone anaesthesia ; rat blood infused whenever required to keep blood 
pressure steady. 


TasBLe 2. Effect of intravenous ACTH on corticosterone secretion of rat adrenals 


Plasma Corticosterone 
Bod collected (g) Weight of (ug/g gland/min) 
weight r A left adrenal A———_, 


Expt. Change 
no. (g) 8, 8S, (mg/kg body wt.) 8, 8, (%) 
310 16 3-0 72 15-6 20-3 
2 350 1-9 4:3 82 18-7 25-6 + 36-9 
3 370 1-6 1-5 52 20-1 30-7 + 62-8 
4 327 1-4 2-8 74 21-5 32-9 + 53-1 
5 370 1-8 2-3 54 25-0 42-5 + 70-0 
Means (1-5) 20-241-8 30-4*44-3 +48-7 
6 345 1-9 5-0 67 29-2 25-5— — 12-7 
7 370 2-5 3-6 53 32-3 33-2 +3-0 
8 310 1-1 27 - 74 38-0 43-5 +145 
i) 373 1-4 2-4 64 38-3 41-9 +9-4 
10 314 3-3 5-5 56 41-1 39-6 -3-6 
Means (6-10) 35°842-3 36-7+3-5 +2-1 


Means (1-10) 28-1426 33-6+2-4 


8,, control sample of adrenal blood (15 min); S,, sample collected during and after an infusion 
of approximately 0-26 i.u. ACTH (given over 8-14 min). Experiments in pentobarbitone anaes- 
thesia; rat blood infused whenever required to keep blood pressure steady. Figures after the 
means represent s.£. of the mean. 

* Significantly greater than 8, (P <0-05). 


cortical secretion, the infusions usually caused a large increase in adrenal blood 
flow. (Compare plasma volumes in Tables 1 and 2.) These increases occurred 
although the control of the blood pressure by replacement of the lost blood was 
hever quite adequate, so that the blood pressure was somewhat lower during 
collection of the second sample. This point is illustrated in Fig. 1 which re- 
produces the blood-pressure record of Expt. 7 (Table 2). 
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These observations would suggest that the vasodilatation caused by adminis- | gland ¥ 
tration of ACTH is not linked to the increase in (at least the final stages of) 4 withaF 
synthetic activity but is an independent effect. of ACTH on cortical tissue. 
mal sec! 
the first 
Me for the 
results 
done at 
anaestl 
TABLE 3 
No. 
a. 
rats In 
11 (Con 
| 
2 
26 (Cox 
Sample 1 Sample 2 (c) I 
Fig. 1. Femoral blood pressure of rat 7 (Table 2); effect of ACTH. There was some decline in blood 
pressure during collection of the second blood sample, but the adrenal flow was increased Pict 
(see Table 2). White line, infusion of 0-25i.u. ACTH into the femoral vein; ¢ , beginning, (d) 24 
| , end of collection of blood samples; |, intravenous injections of 0-5-0-6 ml. rat blood; 
time marker, 30 sec. | 6 3 
Subcutaneous administration of ACTH for various periods 1 a 
preceding the sampling of adrenal vein blood 7 
When a single dose of ACTH is injected into a rat, the adrenal lipids (a (*). 
large fraction of which consists of cholesterol) are first reduced and later 7 
increased in quantity (Sayers, Sayers, Liang & Long, 1946). When the doses 
are large or given repeatedly, the adrenal size increases, but the size attained | p.m 
is not correlated with the loss or storage of lipids. It was of interest therefore Be oy 
to compare the functional capacity of enlarged adrenals both in the early Rcoas 
phase when the lipid content was lower than normal and in the later phase 
when it was larger. In € 
Experiments were carried out, in which approximately the same dose of per un 
ACTH was given over a period of about 2 weeks to one group of rats, and within and in 
36 hr to a second group (Table 3, a and c). All the glands of the first group of AC" 
were engorged with lipids, whereas those of the second group showed The 
loss of lipids. Corticosterone secretion per gram of gland was normal in the ACTH 
first group and, owing to the adrenal hypertrophy, secretion per whole gram | 
2s 
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gland was significantly raised. Such adrenals therefore endow their owners 
with a potentially higher corticoid secretion during a severe stress. The second 
group of rats appeared to show decreased secretion per gram of gland and nor- 
mal secretion per whole gland. Since adrenal enlargement was smaller than in 
the first group, it was decided to try and confirm this trend on groups treated 
for the same period but with larger doses of ACTH (Table 3, d and e). The 
results of each subgroup (d and e) should be compared with their own controls, 
done at approximately the same time with the same batch of rats and the same 
anaesthetic. 


Taste 3. Action of ACTH injected subcutaneously on corticosterone secretion of rat adrenals 
Body Weight of Corticosterone 
rats Initial Final jections body weight) gland/min) ae og Histology 
(a2) liu. long-action ACTH} per day. (Blood collection in urethane anaesthesia) — 
5 320 314 11-14 86*** 45 29-2 +4 3°5 162** 419 with 


11 (Controls) 332 6342 25-441-5 96+9 
(6) liu. long-action ACTHt twice daily during 4 days. (Blood collection 
in pentobarbitone anaesthesia) 
7 297 298 8 88*** +7 28-34 3-3 145*+8 Lipids abundant 
26 (Controls) 326 66+ 2 29-1+1-6 11547 


(c) 12 iu. soluble ACTH and 4i.u. long-action ACTH? injected within a period of 36 hr. 
| (Blood collection in urethane anaesthesia) 
2.832. 317 6t 7542 20-0 +0-05 Loss of lipids 
(d) 24i.u. soluble ACTH and 20 i.u. long-action ACTH injected within a period of 36 hr. 
(Blood collection in urethane anaesthesia) 
6 353 335 6t 105***43 16-8***42-2 1064114 
11 (Controls 332 6342 25-441-5 9649 


(e) 24i.u, soluble ACTH and 20 (5 rats) or 30 (2 rats) i.u. long-action ACTH injected 
within a period of 36 hr. (Blood collection in urethane anaesthesia) 
7 307 6-8f 117*** +6 21-6***+1-4 150***+9 Severe loss of 
6 (Controls) 316 5943 29-6+41-1 10445 
All observations are given as mean +8.£. of the mean. 


* Significant (P <0-05); ** significant (P <0-02); *** significant (P <0-01); f ‘Cortrophin Z’ 
Organon; { injection schedule see under ‘Methods’. 


In each instance there is a significant decrease in corticosterone secretion 
per unit weight of tissue. The total secretion per gland is unchanged in group d 
and increased in group e. Lipid loss was severer than with the smaller doses 
of ACTH. 7 

The results demonstrate that, in the early phase of the adrenal response to 
ACTH, hypertrophy of the gland leads to reduced functional capacity per 
gram of tissue. This is probably due to the fact that, under the stimulus of 
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ACTH, synthesis of the enzymes required for the production of cortical hor- 
mones does not keep pace with the formation of the highly vascular new tissue 
mass. Whether such an adrenal produces more hormone under conditions of 
stress than its normal counterpart will depend on how rapidly the new tissue 
becomes fully functional. This process was obviously in progress in some rats 
of group d, and in all rats of group e. 

Kass, Hechter, Macchi & Mou (1954) have reported changes in the propor- 
tion of cortical steroids in rabbits given prolonged treatment with ACTH. 
Under the influence of this stimulus, rabbit adrenals which do not normally 
secrete cortisol, secrete this compound as the main adrenal steroid. No such 
effect was seen in the rats. The cortisol region of the chromatogram was ex- 
amined in many rats which had been given ACTH for one or two weeks, but 
cortisol was not found, nor did the sodium fluorescence test (Bush, 1953.) 
reveal any other af-unsaturated keto-steroids not normally present in 
adrenal effluent. There must be fundamental differences in the hydroxylating 
enzyme systems from adrenals of rats and rabbits; Hofman (1957) made the 
interesting suggestion that the absence of in vivo 17-hydroxylation in the rat 
is not due to lack of 17-hydroxylase but to ‘over-abundance of 11 B-hydroxy- 
lase’; once a compound is hydroxylated in the 11f-position, it is no longer 
attacked by 17-hydroxylase. 

The last experiments have shown that an adrenal endowed with increased 
total secretory capacity can be produced by 36 hr intensive treatment with 
ACTH. In previous work (Vogt, 1957), much larger increases in hormone 
secretion during stress had been obtained when amphenone (1, 2-bis(p-amino- 
phenyl)-2-methylpropan-1l-one) was fed to rats in a daily dose of 0-2 g/kg for a 
period of as little as 4 days. This drug, which had been investigated by Hertz 
and his collaborators (see Hertz, Tullner, Schricker, Dhyse & Hallman, 1955) 
was shown by these workers to cause an excessive deposition of cholesterol in 
the adrenal cortex. The question arose whether a release of ACTH by amphe- 
none would be sufficient to account for these rapid increases in cholesterol 
deposition and secretory power. Since very large doses of ACTH given over 
36 hr did not produce comparable effects, smaller doses (1 i.u. per injection) 
of long-action ACTH were injected twice daily during 4 days, on the assump- 
tion that this dosage would be more likely to imitate the endogenous produc- 
tion of ACTH induced by amphenone. 

Of the seven rats used for this experiment, three were given, in addition to 
the ACTH, a daily injection of arachis oil. This might have acted both as a stress 
and as a source of unsaturated fatty acids and thus have favoured cholesterol 
synthesis. The effects on adrenal size and performance and on cholesterol 
deposition were, however, identical with those seen in the rats given ACTH 
only, so that for the present purpose the rats (Table 3b) are treated as one 
group. The effects observed were an increase of 26% in corticosterone produc- 
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tion per whole gland, and an adrenal hypertrophy of 30°%,, very feeble effects 
when compared with the rise in corticosterone secretion of 114° and in adrenal 
weight of 60% obtained after 4 days of amphenone. In contrast to the loss of 
lipid when ACTH had been given in very large doses, accumulation of lipids 
followed this milder treatment; in this respect, too, the ACTH produced but 
an attenuated replica of the effect of amphenone. 


Secretion of demedullated adrenals; effect of adrenaline infusions 

The acceleration of cortical secretion by infusions of adrenaline in the rat is 
considered to be mediated by a release of ACTH. Under the conditions of 
renal vein cannulation there is bound to be stimulation of the adrenal medulla, 
and therefore any effect of additional, infused adrenaline would of necessity 
be masked. Experiments to test whether infusions of adrenaline would give 
the same results as infusions of ACTH, i.e. mild stimulation in instances of low 
initial hormone secretion, had thus to be carried out on demedullated or 
denervated adrenals. Demedullation was chosen, and carried out by enuclea- 
tion of the glands which were then allowed to regenerate from a thin lining 
of capsular cells; thus information was simultaneously obtained on the func- 
tional capacity of adrenal regenerates. 

The time allowed for regeneration of the cortex was 3 months or more, 
except for three rats examined after a lapse of 4-6 weeks. The results were 
the same for all time intervals. A number of the bilaterally operated rats 
proved unsuitable, because the right adrenal had grown much larger than the 
left adrenal from which the adrenal vein blood was being collected. In the 
last two animals, therefore, the right gland was extirpated and only the left 
gland allowed to regenerate. Figures obtained from very small glands were 
discarded, since estimates of weight of cortical tissue and of secretion of hor- 
mone were subject to large errors; the smallest gland the yield of which is 
included in the calculations weighed 9-4 mg. In any case, comparison of 
secretion from the regenerated glands with that of normal glands on a weight 
basis is subject to small errors caused by the lack of medullary tissue on the 
one hand and some degree of scar formation on the other. 

Inspite ofa large scatter of adrenal weights, secretion per gram of demedullated 
gland lay nearly within the normal range. There was no correlation, not even a 
negative one, between adrenal weight and rate of secretion per gram of tissue. 
Owing to the fact that most adrenals were smaller than normal, mean secre- 
tion per whole gland was only 44% of the control value, but there was overlap 
between operated and normal animals (Table 4). As was to be expected, 
total secretion usually increased with the size of the gland, but there was no 
strict parallelism between the two sets of figures. Histologically, adrenal 
lipids showed a normal distribution; medullary tissue was never found. 
Infusion of adrenaline (approximately 5 wg given over 8 min into the femoral 
29-2 
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37-93 
63-215 


Change (%) 
-1 
—22to +39 


Corticosterone secreted 


(ug/g gland/min) 
8, 
30-5 
20-5-41-0 


8; 
30-8 
29-1 

20-0-45-0 
20-1-42-2 


> 
3 


21-57 
43-82 
Blood collection in pentobarbitone anaesthesia. S,, control sample of adrenal blood (15 min); S,, sample collected during the last 4 min of, 


and for 11 min after, an infusion of approximately 5 ug adrenaline; infusions into the femoral vein in eight, into the carotid artery in two rats. 
& 
B 


Weight of left adrenal 

Rat blood infused whenever required to keep the blood pressure steady. 


(mg) 

14-9 

21-3 
9-4-22-8 
16-2-28-6 


262-374 


rats 
10 
26 
10 
26 


No. of Body wt. 
rate, 
413 
326 

390-450 


TaBie 4. Effect of demedullation and of adrenaline infusions on corticosterone secretion by rat adrenals 


Demedullated 
Controls 
Ranges 
Demedullated 
Controls 
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vein of eight, and into the carotid artery of two rats) produced no change in 
the mean rate of the secretion (8, and S,, Table 4). 

In contrast to the experiments in which ACTH was infused, only two of the 
six glands with secretion rates below the mean increased their corticosterone 
production after the infusion. It is likely that, owing to the smaller mass of 
cortical tissue, secretion from most of these glands was maximally stimulated 
from the start. With a view to increasing the concentration of adrenaline in 
the brain and the pituitary, in two of the rats the adrenaline was injected into 
the carotid artery. Corticosterone secretion was not affected. 


DISCUSSION 


The observation that ACTH given intravenously during the collection of 
adrenal vein blood did not consistently increase corticosterone secretion agrees 
with Bush’s (19536) findings. The fact that only rats with a low initial secre- 
tion showed a (moderate) acceleration of secretion indicates that pituitary 
stimulation by the stress of the experiment was maximal in some, and not 
very far from maximal in the remaining rats. Stimulation by ACTH from a 
genuine ‘resting’ level increases secretion by a much greater factor than that 
of 1-5 observed in the rats subjected to renal vein cannulation. Thus secretion 
as measured in such experiments corresponds to maximal or near-maximal 
secretory capacity of the adrenal cortex. 

This secretory capacity can be increased by measures which cause adrenal 
hypertrophy, provided this hypertrophy does not at the same time effect 
changes in the tissue which reduce its secretory capacity per unit of tissue mass. 
Increases in total secretory capacity by the production of more, fully functional, 
tissue were obtained in the present work by daily administration of moderate 
doses of ACTH for not less than 4 days. Still greater increases, reported else- 
where, occur when amphenone is fed to rats. In both instances lipid stores 
rise with the increase in glandular weight. Attempts at producing, with 
various dosages of ACTH, effects comparable in size and speed with those 
elicited by amphenone were unsuccessful. 

These findings do not prove that the effects of amphenone cannot be due 
exclusively to the release of ACTH, particularly in view of the fact that there 
may be differences between pig hormone and rat hormone. However, they 
do at least suggest that amphenone may have additional modes of action. 
There may be a direct influence of amphenone on the metabolism of the adrenal 
cortex, or the action on the anterior pituitary may be complex and involve the 
secretion of growth hormone. 

Decrease in total secretory capacity was seen in undersized glands which had 
regenerated from the capsules after adrenal enucleation; in such adrenals 
performance per gram of gland was unchanged. A fall in secretory capacity 
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per gram of gland was obtained by causing precipitous hypertrophy of the 
cortex with huge doses of ACTH administered during the course of 36 hr. The 
concentration of lipids was reduced by this treatment; the total secretory 
potential was never reduced, and often raised, so that such glands did not 
bestow a disadvantage on their bearer. An extreme example of decreased 
secretory capacity per gram of gland, in which total secretion per adrenal was 
reduced also, has been reported to result from treatment with hexoestrol 
(Vogt, 1955). Here loss of lipid was much more severe than after intensive 
treatment with ACTH. 

This survey suggests that large stores of lipids characterize fully functional 


adrenal tissue, whereas lipid depletion, if severe, may indicate a reduction of — 


the output obtainable on maximal stimulation. This does not imply that lipid 
content bears any relation to the amount of corticoids actually secreted in the 
living animal, as this is rarely maximal: in fact, there is evidence that any 
acceleration of secretion is accompanied by an initial decrease in lipid stores. 


SUMMARY 


1. When ACTH is infused intravenously into rats from which adrenal vein 
blood is being collected from the cannulated left renal vein, little change is 
effected in the secretion of corticosterone. Adrenals with a low initial secretion 
show a rise averaging 50°%, whereas adrenals with high initial secretion do 
not change their output. It follows that the secretion measured under these 
conditions represents the maximal or near-maximal effort of which the tissue 
is capable. All the observations referred to below apply exclusively to the 
accelerated secretion brought about by the operative stress. 

2. Prolonged treatment with moderate doses of ACTH (2 i.u. daily for at 
least 4 days, or 1 i.u. daily for at least 11 days) produces no change in the 
corticosterone secretion per gram of tissue. It does, however, by causing 
enlargement of the gland, increase the hormone production per gland. 

3. Large doses of ACTH given within a short time (16-54 i.u. in 36 hr) cause 
a fall in secretory capacity per gram of gland. There is either no change or 
some increase in secretion per whole gland. The precipitously formed new tissue 
is obviously not immediately fully functional. 

4. Adrenals regenerated from their capsule after enucleation exhibit normal 
corticosterone output per gram of tissue, but secretion per gland is reduced as 
a result of the small size of the adrenals. 

5. When adrenaline was infused intravenously into rats bearing regenerated 
adrenals, secretion was not affected. 

6. When the rate of corticosterone secretion per gram of gland is compared 
with the lipid stores of the tissue, lipid-rich glands are found to have a high, 


and lipid-depleted glands a low secretory potential in conditions of maximal 
stimulation. | 
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RESTORATION OF NORMAL SECRETION IN THE 
HEXOESTROL-INHIBITED ADRENAL CORTEX 
OF THE RAT 


By MARGARETHE HOLZBAUER anp MARTHE VOGT 
From the Pharmacology Department, University of Edinburgh 


(Received 11 June 1957) 


Injection of hexoestrol into rats causes a hypertrophy of the adrenal cortex 
and a severe depletion of the lipids normally stored there. These morphological 
changes are accompanied by impaired function, the secretion rate during 
operative stress being only 50%, or less of the normal (Vogt, 1955). There is 
also reduction of the corticosterone stores in the adrenals of rats killed after 
a short period of stress (Holzbauer, 1956). The impairment of function after 
hexoestrol was tentatively attributed to interference with cholesterol synthesis. 
Cholesterol is considered to be a precursor of the cortical steroids; direct 
evidence has been obtained by work with tracers (for example Zaffaroni, 
Hechter & Pincus, 1951; Werbin, Bergenstal, Gould & le Roy, 1957). The 
cholesterol is of dual origin: part of it is synthesized in the gland itself and 
part is taken up from the circulating blood. 

In the present experiments an attempt was made to overcome the depressing 
effect of hexoestrol on adreno-cortical secretion by measures taken while 
hexoestrol was being administered. The measures were calculated either to 
increase the cholesterol content of the adrenal itself or of the blood supplying 
it. An attempt was also made to improve secretion by administering pro- 
gesterone, which is considered to be an intermediate in the synthesis of cor- 
tical steroids from cholesterol (Hechter, Zaffaroni, Jacobsen, Levy, Jeanloz, 
Schenker & Pincus, 1951). 

METHODS 
Adult male rats were used. 


Adrenal vein blood was collected from heparinized rats anaesthetized with pentobarbitone 
sodium (45 mg/kg). Cannulae were introduced into the trachea, the right femoral vein, the right 
femoral artery and the left renal vein, adrenal blood samples were collected and corticosterone 
was estimated as described in che preceding paper (Holzbauer & Vogt, 1957). 

In most experiments designed to test the effect of intravenous infusions, two 15 min samples, 
separated by an interval, were collected. As soon as the first sample had been obtained, the infu- 
sion was started and 4 ml. was delivered over a period of 10 min. Collection of adrenal blood was 
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then resumed, while the infusion went on for another 10 min. The collection of the second sample 
was continued for 5 min more to complete the 15 min period. A motor-driven syringe was used 
| for all infusions. 

Hexoestrol (0-4 mg/kg) was injected daily subcutaneously as a 0-2% solution in arachis oil. 


Preparation of infusion fluids 

Rat plasma for infusion was obtained from large rats by cannulating one carotid artery under 
ether anaesthesia, injecting heparin (1000 i.u./kg) into the artery and collecting the blood a few 
seconds later. Plasma was prepared by centrifuging. Normal rats and rats pre-treated by five 

or six injections of hexoestrol (dose as above) were used as donors. 
Albumin. 5% bovine albumin solutions were made from a 30% Armour or a 20% Behring 
preparation by dilution with the requisite amount of sodium chloride in water to assure isotonicity. 
‘ There was no cholesterol in these preparations. 
Cholesterol (in sodium laurate) for intravenous injections was prepared as described by Byers 

& Friedman (1949). It was first infused into the femoral vein of anaesthetized, hexoestrol pre- 

treated rats after the collection of a control sample of adrenal blood. Five rats died suddenly of 

pulmonary oedema after having had 1-1-1-6 ml. of the suspension. A fourth rat survived the 
infusion, but its adrenal blood flow was extremely slow in spite of a blood pressure of 125 mm Hg. 

The next experiments were therefore done by injecting 0-5 ml. only of the suspension into a vein 

of the tail or of the dorsum of the foot (Everett & Sawyer, 1956) 3 hr before anaesthetizing the rate 

for the collection of adrenal vein blood. All rats exhibited ataxia and laboured respiration after the 

injections. However, blood pressure during collection from the adrenal vein (under ether), and 
| blood flow through the adrenal gland were normal. The dose of cholesterol administered in this 

way was 15 mg. Pre-treatment consisted of daily injections of 0-4 mg/kg hexoestrol in oil for 
5 days. 

The «-lipoprotein consisted of a human plasma fraction IV-1 (Cohn, Strong, Hughes, Mulford, 
Ashworth, Melin & Taylor, 1946), of which 0-25 g were ground up with 10 ml. 0-9% NaCl solution, 
shaken mechanically for 70 min and centrifuged. 8 ml. of the supernatant was infused. Contrary 
to expectation, the supernatant only contained 35 mg cholesterol/100 ml., most of the cholesterol 
having remained in the bottom paste. a 

The B-lipoprotein was prepared by Dr G. 8. Boyd from a human plasma fraction III-0 by the = 
method of Oncley, Gurd & Melin (1950). Before use it was spun in a refrigerated centrifuge at hs ay 


| 5° C. The supernatant, which contained 310 mg cholesterol/100 ml., was either used undiluted or 
as a | in 4 dilution in phosphate buffer of pH 7-4. 

Progesterone for intravenous infusion was added either to plasma from h strol- pre-treated > 
donor rats or to a 5% bovine albumin solution. The plasma and the albumin solution were pre- 
pared as described before. A 1-1% solution of progesterone in propylene glycol was added slowly 6h 
to the vigorously stirred plasma or albumin, and the clear mixture infused. 1-3 mg progesterone 
was infused into each rat in 8 ml. vehicle. 

; For infusion into the aorta a 22% solution of progesterone in propylene glycol was added with 

stirring to 5% bovine albumin, the concentration and total dose of infused progesterone being 

double that given by the intravenous route. A fine syringe needle was connected to the infusion 

apparatus and inserted into the aorta at the level of the diaphragm. There was no bleeding from  & 
the puncture. 


Administration of ‘antagonists’ over a prolonged period . 
Progesterone. For subcutaneous injection a 2% solution of progesterone in arachis oil was used. J 
One injection was made together with the last of four injections of hexoestrol, at 24 hr, and a second al 
injection 2 hr, before the collection of adrenal vein blood, the dose at each injection being either 
20 or 25 ng/kg. 
Cholesterol by mouth was administered to rats by feeding a paste of ground rat cake containing 
14% cholesterol and 86% olive oil. The cholesterol was dissolved in hot olive oil and 10 g of 
the solution mixed with 90 g dry ground cake; water was added immediately before use to make a 
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paste. Feeding was carried out for either 14 or 17 days, and hexoestrol (0-4 mg/kg/day) injected 
for the last 5 days of the cholesterol-rich diet. 

Erucic acid. In the first experiment in which the effect of erucic acid alone was tested it was 
fed, mixed with rat cake, as 10% of the diet for 14, 16 and 18 days. In the second experiment one 
group of rats had 12% erucic acid in the diet for 21 days; during the last 5 days the rats were in- 
jected with hexoestrol (0-4 mg/kg subcutaneously in oil once daily). Since the rats began to lose 
appetite on the third day of hexoestrol, they were given 3 g erucic acid in warm milk by stomach 
tube on the 4th and 5th days. The third experiment was conducted as the second, but the total 


period of erucic acid feeding was extended to 28 days and the amount of acid fed by tube was 
increased to 4 g/day. 


Amphenone. Daily feeding by stomach tube of 0-2 g/kg amphenone as 5% solution in water was 
instituted after a preliminary period of 4 daily injections of hexoestrol (0-4 mg/kg). The hexoestrol 
injections were continued during the administration of amphenone, the combined treatment 
lasting between 4 and 12 days. The amphenone solutions were prepared every 2 or 3 days and 
stored in the refrigerator. 

RESULTS 
Short-lasting infustons 

Plasma. The first group of experiments were all of the acute type. One 
sample of adrenal blood was collected from a rat which had been given hexoes- 
trol for several days; different solutions were then infused for 20 min, and a 
second sample was obtained during and after the second half of the infusion 
period. The first infusions were carried out with plasma from normal rats, 
and the success was striking (Fig. 1, column 15): secretion which had been 
depressed before reverted to normal after the infusion. Table 1 gives the de- 
tails of the experiments and shows that the improvement, though varying in 
degree, was invariably present and tended to be larger when the initial secre- 
tion rate had been more depressed. Control experiments were then performed 
in which the rats used as plasma donors were themselves pre-treated with 
hexoestrol, the volume of plasma infused being the same as before (8 ml.). 
Column 26 (Fig. 1) shows that such infusions did not significantly improve 
the secretion rate. Since the changes in blood pressure and blood flow caused 
by the two kinds of plasma were identical, it was likely that there was some- 
thing present in normal plasma and lacking in plasma from hexoestrol-treated 
rats which was responsible for the improvement effected by normal plasma. 

Albumin. Another explanation, suggesting that the beneficial effect of 
normal plasma was due to a dilution of the hexoestrol present in the tissues 
by the large volume of hexoestrol-free fluid infused, was ruled out by a series of 
control experiments in which 5% bovine albumin was infused instead of 
plasma. This solution, which remained in the circulation and caused a rise in 
blood pressure, just as did plasma, must also have diluted the circulating 
hexoestrol in a similar fashion. However, it produced no improvement in 
secretion rate (column 36, Fig. 1). 

The only known change produced by hexoestrol in the plasma composition 
of rats is a reduction of its cholesterol content (Boyd & McGuire, 1956). An 
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Fig. 1. Effect of various infusions on the depressed corticosterone secretion of rats injected with 


hexoestrol. Columns: corticosterone secretion of groups of rats in ug/g adrenal/min, mean 
+8.8. of the mean. The upper continuous horizontal line (N) represents the mean cortico- 
sterone secretion of thirteen normal rats; the neighbouring dotted lines indicate the s.z. of 
the mean. The lower continuous horizontal line (H) represents the mean corticosterone secre- 
tion of thirty-two rats injected subcutaneously with hexoestrol (0-4 mg/kg daily in oil during 
4-6 days); 8.%. of the mean as above. All rats, the secretion of which is shown in the columns, 
received at least the same number of hexoestrol injections as the thirty-two control rats. In 
addition, usually after the collection of a first sample of adrenal blood (column a), infusions 
were made for 20 min and a second blood sample was obtained during and after the second 
half of the infusion period (column b). Collection of the first sample was sometimes omitted, 
so that the number of rats may be larger for column b than for column a. 

The following solutions were infused: 
Expt. 1. Intravenously, 8 ml. plasma from normal rats. 
Expt. 2. Intravenously, 8 ml. plasma from donor rats which had themselves been given the 
same amount of hexoestrol as the recipient rate (0-4 mg/kg for 5 days). 
Expt. 3. Intravenously, 8 ml. 5% bovine albumin. 
Expt. 4. Intravenously, 8 ml. suspension of human «-lipoprotein containing 35 mg chob 
esterol/100 ml. 
Expt. 5. Intravenously, 8 ml. suspension of human f-lipoprotein containing, per 100 ml. . 
310 mg cholesterol (2 expts.) and 74 mg cholesterol (1 expt.). 
Expt. 6. Intravenously, 1-3 mg progesterone in 8 ml. plasma from rats injected with hexo- 
estrol (0-4 mg/kg for 5 days). 
Expt. 7. Intravenously, 1-3 mg progesterone in 8 ml. bovine albumin. 
Expt. 8. Intra-arterially, 2-6 mg progesterone in 8 ml. bovine albumin. 
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infusion of normal plasma will thus supply cholesterol to the cholesterol- 
starved adrenal, and this is the simplest explanation of the beneficial effect of 
this procedure. 

Cholesterol. Final proof that no other substance is involved would require the 
demonstration that cholesterol, added to a vehicle from which it can be taken 
up by the tissues, also restores adrenal function. It is, however, ‘well known 


that it is very difficult to produce artificially a combination of protein and — 


cholesterol which imitates the lipoproteins, in which form cholesterol is trans- 
ported in vivo. Several methods were tried: An attempt at dissolving choles- 


terol by slowly adding it in alcoholic solution to bovine albumin was unsuc- 


cessful; the mixture, which had to be centrifuged because the cholesterol had 
been precipitated, contained only a noggin amount of rr It did 


Taste 1. Rats pre-treated with hexoestrol (daily 0-4 mg/kg “Effect 
of infusion of plasma from normal rats on corticosterone secretion 


Corticosterone 
secretion 
Hexoestrol Weight of (ug/g gland/min) 
Body weight (g) in left A 
Expt. - A. preceding (mg/kg body wt.) Before After 
no. Initial Final expt. (%) 
300 255 5 99 25-1 
2 295 250 5 107 19-3 
3 307 266 5 103 27-4 
4 310 270 4 92 19-6 22-1 +13 
5 298 264 4 74 18-0 23-4 +30 
6 270 255 4 106 19-8 33-3 +68 
7 250 251 4 78 11-9 25-5 +114 
8 390 357 5 80 141 23-1 - 64 
9 376 313 15 94 13-2 25-6 +94 
Mean (nos. 4-9) 16-1 25-5* +64 


* Significantly different from 16-1 (P <0-01). 


not change adrenal secretion. The method described by Byers & Friedman 
(1949) of emulsifying cholesterol in sodium laurate was then tried. Solu- 
tions with a high concentration of cholesterol were obtained, but the rats 
injected intravenously with the milky product died of pulmonary oedema 
when the doses used by Byers & Friedman were used, and showed signs of 
respiratory embarrassment and brain damage with smaller doses. 

Adrenal blood collections were carried out in hexoestrol-pre-treated rats 
about 3 hr after the injection of only 0-5 ml. emulsion per rat. Corticosterone 
secretion was severely depressed in spite of the fact that blood pressure and 
adrenal blood flow during collection of the samples were normal, Perhaps 
the damage to the brain was responsible for a fall in secretion of ACTH. 

Inpoproteins. Experiments were then performed in which human lipo- 
proteins were infused. A preparation of «-lipoprotein—the form in which most 
of the cholesterol is carried in the rat— was mixed with 0-9% NaCl solution, 
the precipitate centrifuged down and the supernatant infused; it caused 
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severe depression instead of increase in secretion (column 45, Fig. 1). It also 
failed to raise the blood pressure, as did solutions of albumin or plasma. Its 
cholesterol content also proved to be disappointingly low (35 mg/100 ml.). 
The next trial was with a preparation of f-lipoprotein, freshly prepared by 
Dr G. 8. Boyd, which contained 310 mg cholesterol/100 ml. This is far higher 
than the cholesterol concentration in rat plasma, which is approximately 
65 mg/100 ml. Nevertheless, no improvement of secretion was obtained, but a 
small depression (column 56, Fig. 1), and the infusion also failed to increase the 
blood pressure. The fact that neither these preparations nor the cholesterol 
suspensions were well tolerated suggests that the particle size was so large as 
to cause haemagglutination, and thus impaired circulation, a phenomenon 
described by Gelin (1956) in experiments on dextranes of high molecular 
weight. 

Progesterone. Since progesterone is considered to be an intermediate in the 
synthesis of corticosterone (Hechter et al. 1951), and since its solubility is 
greater than that of cholesterol, experiments were carried out in which its 
administration by different routes was tried. Solutions were prepared in 
plasma of hexoestrol-treated rats and in bovine albumin, and 8 ml. of these 
mixtures infused intravenously as before. The solutions were not harmful but 
did not produce a significant improvement of secretion, certainly no more than 
the vehicles for the progesterone (compare columns 65 and 76 with 26 and 
36). Since it is known that intravenously administered progesterone leaves 
the circulation rapidly (Zarrow, Shoger & Lazo-Wasem, 1954), an attempt was 
made to supply the adrenal with a higher concentration of progesterone by 
infusing a more concentrated solution made up in bovine albumin into the 
aorta. The infusions did not produce the rise in blood pressure seen when the 
mixture was given intravenously, and they caused oedema in the region of the 
psoas muscles. They caused a large fall in adrenocortical secretion (column 
8b, Fig. 1). 

Experiments of longer duration 

Progesterone. One group of experiments on hexoestrol-depressed adrenals 
was carried out with progesterone administered subcutaneously on two occa- 
sions during the 24 hr preceding the experiment. The mean secretion of 
corticosterone observed in 4 rats (8-0 + 1-3 ug/g adrenal/min) was not signi- 
ficantly different from that of the controls given hexoestrol only, the small 
deviation lying in the direction of a further decrease instead of an increase in 
secretion. 

The last three experiments were attempts at producing high cholesterol 
concentrations in the adrenals by measures taking several days or weeks; the 
effect of combining these measures with injections of hexoestrol was studied. 

Cholesterol. The first experiment was one in which 1-4% cholesterol was fed 
in an oil-containing diet for 14-17 days. Control rats fed in this way and not 


4 
4 
> 
q 
‘ 
« 
= 
4 
q 
4 
. 
‘ 


466 MARGARETHE HOLZBAUER AND MARTHE VOGT 


given hexoestrol had a normal secretion rate of corticosterone (32:8 g/g 
adrenal/min, see column 2, Fig. 2). Their livers showed fatty infiltration, and 
all layers of the adrenal cortex were laden with lipids. Their blood cholesterol] 
was not elevated. Those rats which were given hexoestrol during the last 5 days 
on the diet also showed lipid infiltration of the liver, but their adrenals had a 
mottled surface and the sections showed a lipid loss from the fasciculata very 
similar to that of control rats given hexoestrol only. The blood cholesterol, 
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Fig. 2. The effect of hexoestrol on adrenal function in rate on different intakes of cholesterol. 
Ordinate: corticosterone secretion (ug/g adrenal/min). Column 1: mean +8.8. of the mean of 
thirteen normal rats. Column 2: mean +8.8. of two rats fed with 1-4% cholesterol in the 
diet for 14 days. Column 3: mean + 8.x. of thirty-two rats injected with hexoestrol (0-4 mg/kg 
during 4-6 days). Column 4: mean +8.8. of six rats injected with hexoestrol for the last 
5 days of a period of 14-17 days on a diet containing 1-4% cholesterol. 


estimated by Dr Boyd, was low (7-3 + 1-0 mg/100 ml.) and in the same range 
as that of rats given hexoestrol only. In view of these findings it is not sur- 
prising that the corticosterone secretion (15-2+1-8 ug/g gland/min, see 
column 4, Fig. 2) was not restored by the feeding of cholesterol. 

Erucic acid. In the second experiment erucic acid was fed with a view to 
increasing adrenal cholesterol. Abelin (1946, 1948) was the first to show that 
feeding of vegetable oils (arachis, rape and poppy seed oil) caused an increase 
in adrenal cholesterol. One of the constituents of oils responsible for this effect 
was shown by Carroll (1953) to be erucic acid. Carroll (1957) also showed, that 
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in the rat the feeding of erucic acid produced much greater storage of choles- 
terol in the adrenal than the feeding of cholesterol. 

The results are presented in Table 2. Group 1 (erucic acid only) showed a 
slight increase in adrenal weight but normal secretion per gram of gland and 
per whole adrenal. Lipid deposition was very conspicuous in the microscopic 
sections. When hexoestrol was injected into rats which had been on an erucic 
acid diet for 16 or 23 days (groups 5 and 6), there was a large increase in adrenal 
weight, low secretion rate per gram of gland and normal secretion per whole 
gland. The difference between these rats and those given hexoestrol on a normal 
diet (group 2), was a greater adrenal hypertrophy without significant improve- 
ment in secretion per gram of tissue. As a result total secretion per gland was 
back to normal, but the amount of tissue required for this achievement was 
twice that of a normal rat. Histologically there were more lipids in these 
glands than in those of group 2, but cholesterol estimations showed that the 
concentration of cholesterol was only 15°, of the normal value. Plasma 
cholesterol, too, was very low, amounting to less than 12°% of normal. 

Carroll & Noble (1952) reported an experiment in which stilboestrol was added 
to a rape oil diet (0-2 mg stilboestrol/100 g diet). The cholesterol content of the 
adrenals was lower than that of rats given rape oil and no stilboestrol, but 
higher than that of untreated normal rats. The difference may be due to the 
fact that Carroll & Noble used younger rats, which are less sensitive to oestro- 
gens, or to the oral instead of parenteral administration of the oestrogen. The 
authors did not report any anorexia in their rats, and this difference between 
the two sets of experiments may have been decisive. 

Group 4, Table 2, shows the effect on the adrenal gland of prolonged | 
parenteral administration of fairly large doses of a sample of arachis oil con- 
taining free fatty acids. Though the oil was being absorbed, there was no 
evidence of any change in the size, function, or histological appearance of the 
adrenal cortex. The suspicion that the effects of hexoestrol were attenuated 
when it was administered in this oil, rather than in oil from which the fatty 
acids had been removed, was not confirmed when tested on a larger series of 
rats. 

Amphenone. The third experiment was performed with ‘Amphenone B’. This 
substance (1, 2-bis(p-amino-phenyl)-2-methyl-propan-l-one dihydrochloride, 
subsequently called ‘amphenone’) has been shown by Hertz (Hertz, Tullner, 
Schricker, Dhyse & Hallman, 1955) to cause a multiplicity of endocrinological 
changes, When it is fed to rats for a number of days or weeks, the adrenals 
grow and accumulate cholesterol so that the concentration attains several 
times the normal value. Corticosterone output from such enlarged adrenals 
was found to be normal per gram of glandular tissue, and much increased per 
single adrenal (Vogt, 1956), the secretion rate, as usual, being measured in 
conditions of operative stress. In view of the antagonistic effect of oestrogens 
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and amphenone on the cholesterol content of the adrenal cortex, the effect of 
the combined treatment on the rate of secretion was investigated. Rats 
were given four daily injections of hexoestrol, by which time stainable lipids 
have disappeared from the fasciculata, and the injections were then combined 
with a daily dose of 0-2 g/kg amphenone by stomach tube. After four days of 
amphenone plus hexoestrol, corticosterone secretion per gram of adrenal had 
almost reverted to normal (1st row, Table 3), and secretion per gland was greater 
than normal. When the combined treatment was prolonged to between 9 and 
12 days, secretion per gram of gland was larger than after hexoestrol alone 
but smaller than in normal rats. Meanwhile, however, the glands had become 
much larger, and therefore secretion per individual gland was twice that of 
rats given hexoestrol only, and significantly higher than that of normal rats. 
The histological examination revealed normal amounts of lipids; if it had not 
been for the increased size and vascularity of the glands, they could have been 
mistaken for adrenals of normal rats. 


TasLe 3. Corticosterone secretion of rats injected with hexoestrol (0-4 mg/kg/day subcutaneously) 
and given amphenone (0-2 g/kg/day by mouth) during the later part of the injection period 


Da 
Secretion of 


No. hexoestrol Days of Weight of (mean + 8.8. of the mean) 
of only was combined left adrenal — A ~ 
rats given treatment (mg/kg body wt.) g/g gland/min jg/gland/hr/kg body wt. 
4 9947 24:34 1-6 14245 
7 4 9-12 127+11 19-44 2-2 145+ 16 
32 4-6 0 9243 12-7405 
26 0 0 6642 29-14. 1-6 11547 
DISCUSSION 


The foregoing observations are compatible with the theory that it is by in- 
terference with cholesterol synthesis that hexoestrol exerts its inhibitory 
effect on adrenocortical secretion in the rat. The possibility of restoring the 
normal secretory capacity of the gland without any delay by an infusion of 
normal rat plasma is proof of the integrity of the adrenal enzymes responsible 
for corticoid synthesis. Since plasma from hexoestrol-treated rats is inactive, 
and is known to contain only small amounts of cholesterol, the missing factor 
supplied by the normal plasma is in all probability cholesterol. 

The failure to produce artificial suspensions of cholesterol, or even suspen- 
sions of lipoproteins, which would restore the depressed secretion, is no proof 
that lack of cholesterol is not the cause of the depression; the infused super- 
natant of three of these suspensions contained much less cholesterol than rat 
plasma; the fourth caused lung and brain damage, and the fifth circulatory 
shock, presumably as a result of unsuitable particle size. A diet rich in choles- 
terol failed to antagonize the action of hexoestrol: it is known that feeding 


the compound only slightly increases the plasma cholesterol of normal rats, 
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but the finding that the fall in plasma cholesterol caused by hexoestrol was not 
in the least attenuated by a prolonged period on a diet rich in cholesterol was 
unexpected. Under these circumstances, however, it was not surprising that 
the secretory capacity of the adrenal cortex was equally unaffected by the diet. 

By prolonged feeding of a diet containing 25% rape oil, Carroll & Noble 
(1952) obtained some accumulation of cholesterol in the adrenals of rats 
simultaneously given stilboestrol by mouth. The constitutent of rape oil 
responsible for this effect was shown to be erucic acid. In our own experi- 
ments the feeding of erucic acid failed to prevent the fall in cholesterol content 
of blood and adrenals produced by injecting hexoestrol, and it is therefore only 
natural that erucic acid did not improve adrenal secretory capacity either. 
The greater age of the rats, the parenteral mode of administration, and the 
fact that hexoestrol and not stilboestrol was used, may account for our lack 
of success. 

The one measure found to antagonize both lipid loss and functional depres- 
sion caused by hexoestrol was the administration of amphenone. Hertz 
et al. (1955) have pointed to the curious fact that in the normal rat this com- 
pound increases adrenal cholesterol several times without affecting the choles- 
terol content of blood or liver. This capacity is largely retained when the 
cholesterol metabolism is disturbed by hexoestrol, and an adrenal initially 
depleted of lipids by hexoestrol, has its lipid content and secretion rate 
restored to normal if the hexoestrol administration is combined with that of 
amphenone. It may be added that such rats, in spite of improved adrenal 
function, are jaundiced and altogether in poor health. 

Progesterone has been shown to be utilized by the perfused adrenal of the 
cow in the synthesis of cortical hormones. In the present experiments no 
beneficial effect of subcutaneous or intravenous administration of progesterone 
solutions was seen; and intra-arterial infusion inhibited secretion. It is dif- 
ficult to interpret these results. Since progesterone is known to disappear very 
rapidly from the circulation, the material in the veins may be trapped before 
it reaches the adrenals. Arterial infusion leads to escape of fluid, and presum- 
ably progesterone, into the musculature around the aorta, and therefore it is 
likely that some progesterone also entered the adrenal glands; depression of 
adrenal secretion ensued. One might speculate that this inhibition was due to 
a biochemical mechanism. Thus Brownie, Grant & Davidson (1954) demon- 
strated that progesterone inhibits 118-hydroxylation of deoxycorticosteron« 
to corticosterone in the mitochondria of ox adrenal cortex. It is, however, im 
possible to exclude the alternative that capillary circulation in the adrena! 
was impaired by particles of progesterone carried in the infusion fluid. 
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SUMMARY 


1. When the maximal secretory capacity of rat adrenals, measured by 
estimating corticosterone in adrenal blood during operative stress, was in- 
hibited by hexoestrol, intravenous infusion of plasma from normal rats 
instantaneously restored secretion to normal. 

2. No such restoration was observed when the plasma of normal rats was 
replaced by plasma from rats which had themselves been injected with hexoes- 
trol, or by solutions of bovine albumin. 

3. It is suggested that the factor responsible for the beneficial effect of 
normal rat plasma is its cholesterol content. 

4. Intravenous administration of suspensions of cholesterol or of emulsions 
of lipoproteins caused circulatory damage. None of these mixtures improved, 
and some of them further decreased, corticosterone secretion. 

5. Progesterone given intravenously or subcutaneously did not increase the 
secretion of hexoestrol-inhibited rat adrenals, and given arterially it caused 
a further decrease in the secretion rate. 

6. In rats injected with hexoestrol, feeding of cholesterol or of erucic 
acid restored neither the cholesterol concentration of the blood, the lipid 
content of the adrenal cortex, nor the corticosterone secretion from the 
adrenals. 

7. Amphenone (0-2 g/kg by mouth) restored the lipids lost from the adrenal 
cortex after the injection of hexoestrol, and simultaneously improved the 
secretory capacity of the gland. 

8. Restoration of adrenal function was thus only obtained if the blood 
cholesterol was raised without damage to the circulation, or if the cholesterol 
stores in the adrenal tissue were increased. 

The work was done during the tenure by one of us (M. H.) of an I.C.I. Fellowship. Our thanks 
are due to the Medical Research Council for a grant to one of us (M. V.) towards the expenses of 
this work. We are grateful to the following for help in preparing or obtaining chemicals: to 
Dr R. Hertz for ‘Amphenone B’, to Dr K. K. Carroll for erucic acid, to Professor G. F. Marrian, 
F,R.S., for letting us have progesterone from a gift to him by Chemical Specialties Co. Inc., New 
York., and to Dr G. 8. Boyd for a sample of «-lipoprotein and for preparing f-lipoprotein for us, 


also for kindly carrying out cholesterol estimations in several infusion fluids and in plasma and 
adrenals of rate. 
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THE ELASTIC PRESSURE-VOLUME CURVES OF THE 
LUNGS AND THORAX OF THE LIVING RABBIT* 


By L. BERNSTEIN 


From the Department of Physiology, The London Hospital 
Medical College, London, E. 1 


(Received 21 June 1957) 


The usual methods of measuring the mechanical work of breathing, and of 
analysing it into components corresponding to the viscous resistance of the 
airways and to the elastic resistance of the expanding airways and alveoli, are 
based on the work of Bayliss & Robertson (1939). The lungs, in the intact 
thorax, are inflated with a sinusoidal air flow delivered by a piston pump 
driven in simple harmonic motion, and the intratracheal pressure and the 
displacement of the pump are recorded as co-variables. If the viscous pressure 
is linearly related to air flow and the elastic pressure is linearly related to 
distension of the lungs, the curve of intratracheal pressure against time will 
be a sine curve and the dynamic pressure—displacement figure will be an 
ellipse. The records, from experiments on cats, reproduced in Bayliss & 
Robertson’s paper clearly are not true ellipses. They comment (p. 34 of their 
paper): ‘The distortion from true elliptical form was always observed and it 

is clear that we are not dealing with a simple visco-elastic system.’ 

Another method of recording was used by Dean & Visscher (1941) to measure 
the work of breathing in dogs. They ventilated their animals with a sinusoidal 
air flow, and recorded pump displacement and intratracheal pressure as con- 
current curves against time. Some of their intratracheal pressure curves 
deviated from sine wave form in that the phase of falling pressure was of 
shorter duration than that of rising pressure. Bernstein (1953@, 6) used a 
similar method of recording, to measure the work of breathing in rabbits, and 
obtained similarly non-sinusoidal intratracheal pressure curves. When Bayliss 
& Robertson’s published tracings were analysed into their component curves, 
of intratracheal pressure and pump displacement against time, the pressure 
curve was found to be distorted from sine wave form in qualitatively the same 
way as the curves described above. 

* Part of a thesis accepted for the Doctorate of Philosophy of the University of London. 


Present address: Dept. of Physiology, V.A. Hospital, Loch Raven Boulevard, Baltimore, Md., 
U.S.A, 
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It was therefore clear that in three species (cat, dog and rabbit) the 
inflation of the lungs with a sinusoidal air flow led to the development of a 
non-sinusoidal intratracheal pressure, the deviation from sine wave form being 
of the same character in all three. The only possible explanations for these 
findings are that either the viscous or the elastic component of hindrance to 
air flow is non-linear, or that both components are non-linear. 

The pressure-volume relationships of the lungs and thorax in other species 
have been reported to be of relatively simple character. In man, the curve is 
stated to be sigmoid—when volume is plotted as abscissa, the first curvature 
is downwards. This form of curve applies to isolated lungs of patients who had 
died from respiratory disease (Heynsius, 1892; Liebermeister, 1907; Romanoff, 
1911), and also to the lungs in the intact thorax of living normal subjects 
(Rahn, Otis, Chadwick & Fenn, 1946; Stead, Fry & Ebert, 1952; Nims, 
Conner & Comroe, 1954, 1955; Heaf & Prime, 1956; Butler, 1956, 1957a, 5). 
For other species, the data are more scanty: Cloetta (1913) found the relation- 
ship to be rectilinear for the intact lungs and thorax of the macaque, cat, and 
adult and puppy dog; but Saxton, Barnes & Sperling (1946) and Lawton & 
Joslin (1951) obtained sigmoid curves for the isolated lungs of rats inflated in 
a plethysmograph by reduction of the extrapulmonary pressure. In view of 
these reports it was not expected that the pressure-volume relationships in 
rabbit lungs would be other than simple: in fact they were found to be 
extremely complex, and quite different from any which have been reported 
for other species. A preliminary account of the findings has already been given 
(Bernstein, 1954); this paper reports and discusses them in greater detail. 


METHODS 


Material and preparation. Rabbits were used, of either sex, and weighing between 0-7 and 
3-0 kg. They were anaesthetized by intravenous injection of a 25% (w/v) solution of urethane 
(about 2-5 g urethane/kg body wt.). A tracheal cannula was inserted, and the lungs were con- 
nected through the cannula to the artificial respiration and test inflation apparatus (Fig. 1). 
Spontaneous respiration was abolished by injecting intravenously a sufficient quantity (about 
1 mg/kg) of a 1% (w/v) solution of tubocurarine chloride (Tubarine Miscible: Burroughs Well- 
come). The dose was judged to be adequate if spontaneous respiration was not resumed within 
30 sec: it was repeated whenever there were indications that the animal was starting to breathe 
spontaneously. Artificial respiration was provided by the motor-driven bellows pump (Palmer, 
type E. 106; A in Fig. 1), the rate and depth being set to correspond as closely as possible with 
those of the animal before curarization. During artificial respiration haemostat 1 (Fig. 1) was 
closed and haemostat 2 was open. 

Temperature regulation, A thermoregulator of Beckman thermometer type was inserted into the 
rectum, and used to control the heating pad of the operating table: rectal temperature was 
maintained at 37-5+40-2° C. In this way excessive reduction of body temperature, due to over- 
ventilation during artificial respiration, was avoided. 

Measurement of volume. To determine the pressure-volume relationships of the lungs and thorax, 
air was injected into the lungs from a 100 c.c. syringe (B in Fig. 1) which had been calibrated. For 
ten deliveries of a nominal volume of 25 c.c. the mean and s.p. of the volumes actually expelled 
were 25-03 +0-16 c.c. Similar accuracy was obtained at other nominal volumes: the deviation of 
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the mean delivered volume from the nominal volume and the s.p. of the delivered volumes were 
both uncorrelated with the nominal volume. 

Measurement of pressure. A capacitance manometer (Bernstein, 1957) was used, the pressure 
being displayed by deflexion of one beam of a Cossor type 339 cathode-ray oscilloscope and 
recorded photographically. The photographs were measured with a travelling microscope. During 
experiments the manometer was calibrated frequently against a water manometer; calibration 
eurves were then constructed, from which the experimental deflexions could be transformed into 


aS 3 100 c.c. calibrated syringe 
ap 
Tap 1 Haemostat 1 
Syringe for Bellows 
adjusting = 
calibration 
pressure 
Leak tube and 
Water Tracheal crew clip 
manometer | 


cannula Haemostat 2 


Fig. 1. Apparatus used in determining pressure-volume curves. 
B 


Pressure 


1 sec 


Fig. 2. Oscillograph record (lightly retouched) of intratracheal pressure of rabbit recorded against 
time. At A 20c.c. of air was injected rapidly into the trachea: equilibration occurred in 
about 0-2 sec. At B tap 3 of Fig. 1 was opened: deflation was complete in about 0-25 sec. 


pressure readings. The accuracy of a pressure value deduced from a calibration curve varied with 
the pressure acting on the manometer: between 0 and 10 cm H,0 the s.p. of deduced pressures 
about the true pressure was approximately +0-09 cm H,0; between 10 and 30 cm H,0 the s.p. 
was increased, roughly in proportion to the true pressure. 

| \ctermination of a pressure-volume curve. With tap 1 (Fig. 1) open and tap 2 closed, a series of 
cal bration recordings was made at different indicated heads of pressure; tap 1 was then closed and 
tap 2 opened. With tap 3 open, 5 c.c. of air was drawn into the calibrated syringe. Haemostat 2 
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was closed, disconnecting the animal from the artificial respiration pump; the pump continued 
meanwhile to work, blowing air out through the regulator leak. Haeinostat 1 was opened, and 
the lungs were allowed to deflate passively through tap 3 to the resting respiratory level. (Pre. 
liminary trials indicated that this deflation was complete in less than 0-5 seo—Fig. 2, arrow B: to 
ensure complete deflation, a standard period of 5 sec was allowed.) Tap 3 was then closed ; and the 
air in the syringe was pushed into the lungs. After a further delay of 5 sec, to permit equilibration 
of pressure within the lungs, the pressure was recorded. (Preliminary trials had indicated that 
equilibration occurred in less than 1 seo—Fig. 2, arrow A.) Haemostat | was then closed, and 
haemostat 2 was opened so that artificial respiration was resumed. Not less than 30 sec of artificial 
respiration was allowed between injections of air. Records of pressure were made for injected 
volumes usually ranging from 5 to 65 c.c. by 5 c.c. increments; occasionally 60 c.c. or 70 c.c. was 
the upper limit. 


RESULTS 


The results of some early experiments are shown in Fig. 3. Most of the curves 
obtained were similar in form (e.g. examples a, c and d); the first few points 
were a tolerably good fit to a straight line, after which the slope increased so 
that the curve became concave upwards; there was then an abrupt inflexion 
into a curve of lower slope, but the slope continued to increase so that the final 
portion of the curve was also concave upwards. This curve might perhaps be 
regarded as formed by the intersection of two monotonically rising curves: one, 
rapidly rising, passing through the origin; the other, rising more slowly, 
making a positive intercept on the ordinate. These curves were so much more 
complex than the rectilinear or sigmoid curves reported for other species that 
it was difficult at first to accept them as truly representing the elastic behaviour 
of the lungs and thorax. However, only by assuming that experimental errors 
were far greater than they were in fact known to be would it have been possible 
to draw either straight lines or sigmoid curves through the plotted observa- 
tions. The difficulty of interpretation was increased by the occasional ap- 
pearance of a different form of curve (e.g. Fig. 3). It was clear that the only 
way to resolve the difficulty would be to obtain as many as possible replicate 
curves for the same specimen. 

This might have been done in one of two ways: by plotting the whole curve 
with a series of single inflations to each successive volume in the range studied, 
then repeating the series, and so on; or by inflating repeatedly to each volume in 
the range before proceeding to the next higher volume. As there was no reason, 
a@ priori, to assume that the results by one method would differ from those by 
the other, the first was arbitrarily chosen. 


Replication of pressure-volume curves 


Fig. 4 shows the results from the first attempt to obtain replicate curves. 7 


The curve from the first series of inflations (open circles and continuous line) 
resembled those obtained in most of the earlier experiments (cf. Fig. 3a, 
cand d), but that obtained from the second (crosses and dashed lines) resembled 
the other form of curve which had been obtained occasionally before (cf. 
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Fig. 3b). The result from the third series of inflations (black circles) was in 
good agreement with that from the first series. 

One explanation of these findings would have been that the first and third 
curves were good replicates of the true, and complex, pressure-volume 
telationships of the lungs and thorax and the second curve was an artifact, 


b: M. 3, 181 kg 
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c: M. 4, 1-41 kg 


Volume of inflation (c.c.) 
Fig. 3, Pressure—volume curves of the lungs and thorax of four rabbits. 
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Fig. 4. Pressure—volume data from serial inflation of the lungs and thorax of one rabbit. ©, Ist 
series, started at 12.00 hr; +, 2nd series, started immediately after end of lst and ended at 
12.30 hr; @, 3rd series, started at 14.00 hr. 
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possibly due to some error in the conduct of the experiment. An alternative 
explanation was that both types of curve truly represented the behaviour of 
the lungs and thorax; and that this behaviour had for some reason altered 
after the first series of inflations. It had so happened that the first and second 
series of inflations were performed in rapid succession, while the third was 
delayed—by the lunch break—until about 90 min after the second. The 
following hypothesis was therefore considered: that the first inflation of the 
lungs and thorax in some way changes their elastic behaviour at volumes 
below the maximum volume of the first inflation; the change persists for a 
short time, so that immediate re-inflation elicits the curve typical of the 
altered behaviour; the change is slowly reversible, so that re-inflation after 
a lengthy interval—e.g. 90 min—elicits the curve typical of the original elastic 
behaviour. If this were the true explanation of the different curves, it might 
be expected that the whole pattern of changing pressure-volume relationships 
would be replicable. 


Repeatability of the pattern of changing pressure-volume relationships 

Fig. 5 presents the result of an experiment in which an attempt was made 
to replicate the pattern of changing pressure-volume relationships. Six serial 
inflations of the lungs and thorax were performed, the first three in rapid 
succession, followed by a wait of 70 min, after which the final three were 
performed, also in rapid succession. The left half of the figure (A) shows the 
data from the first three inflations, the right half (B) those from the final three 
inflations; in each part of the figure the data from the first inflation in the 
group of three are shown by crosses, those from the second by open circles, 
and those from the third by black circles. To make easier the comparison 
between the data from the two groups of inflation, the curves drawn in the 
left half of the figure to fit the data from the early group have been super- 
imposed in the right half on the data from the later group. 

In each part of the experiment the curve of the first inflation is quite 
different from those of the second and third inflations, but the curves of the 
second and third inflations are good replicates; furthermore, each of the three 
curves from the later group of inflations is a good replicate of the corresponding 
curve from the early group of inflations. These findings support the hypothesis 
of a slowly reversible change of state of the lungs and thorax resulting from 
the first inflation. The nature of the change is that the compliance is increased 
at all volumes below the highest volume reached in the first inflation, though 
the mean compliance over the full range is unaltered. It will be convenient to 
refer to this change of state as an ‘adaptation’ to the first inflation. 

The fact that the second and third curves in each group are such close 
replicates suggests that the adapting effect of the first inflation is a maximum 
effect: that repetition of the inflation within a short space of time does not 
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increase the extent of adaptation. Fig. 6 presents the result of an experiment 
in which eight series of inflations of the lungs and thorax were performed in 
rapid succession. The 2nd to 8th series all provided the same pressures at each 
volume, within the limits of experimental error; and the mean curve for these 
series was Of the kind which may now be described as an adapted curve. The 
curve from the first series differed significantly from this form, resembling the 
unadapted curves of earlier experiments. It is clear that the full extent of 
adaptation is induced by the first inflation, and that while subsequent inflation 
within a short space of time may maintain the state of adaptation it does not 
increase it. 


Intratracheal pressure (cm 


Volume of inflation (c.c.) 

Fig. 5. Pressure-volume data from repeated serial inflation of lungs and thorax of a rabbit. 
A, three series performed in rapid succession, starting at 14.20 hr; B, three series performed in 
rapid succession, starting at 16.30 hr. +, Ist series in each group; ©, 2nd series; @, 3rd series. 


Fig. 7 presents the result of an experiment in which, in the determination of 
the unadapted (first inflation) curve, the lungs were inflated three times with 
each volume before the next higher volume was injected. The mean and range 
of the pressures at each volume are shown by the black circles and their 
vertical extension lines. Within the limits of experimental error the three 
pressures at each volume were the same, leaving little doubt that the complex 
curve must be regarded as a valid representation of the pressure-volume 
relationships of the lungs and thorax. 

Immediately after the third of the 60 c.c. inflations in this experiment, 
a series of single inflations was made over the same range of volumes. This 
revealed the typically different adaptation curve. It may therefore be con- 
cluded that the increase of compliance is brought about at any volume not by 
previous inflation to that volume but by previous inflation to a higher volume. 

From these experiments it emerges quite clearly that there are two forms 
of pressure-volume relationship for the lungs and thorax of the rabbit: one, 
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extremely complex, including two or more inflexions in its curves, revealed by 
the pressures at each volume on the first occasion that the lungs are inflated 
over a given range; the other, possibly of simpler form, revealed by re- 
inflation over the same range within a short space of time. 


Volume of inflation (c.c.) 
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Fig. 6. Pressure-volume data from eight serial inflations of the lungs and thorax of a rabbit. 
O, Ist series; @, mean and range of pressures in 2nd-8th series. 


Fig. 7. Pressure-volume data from repeated inflation of lungs and thorax of a rabbit. @, mean 
and range of pressure in three inflations to each volume before inflating with next higher 


volume; ©, pressures in a series of single inflations to each volume, started immediately after 
the end of the triple series. 


The duration of the adapted state 

At this stage of the investigation, the length of time required for the lungs 
and thorax to recover from adaptation was not known. It was known that in 
a number of experiments full recovery had occurred after they had been left 
uninflated (except for tidal ventilation) for a period of about 90 min. This time 
had been chosen arbitrarily, simply because it was the same as the chance 
delay in the first experiment which revealed both the occurrence of adaptation 
and recovery from it. There was nothing to indicate that recovery might not 
be complete in a much shorter time; nor was there anything to show whether 
it was a gradual process or one which occurred suddenly and completely. It 
was desirable to have more precise information about these matters: first, 
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because knowledge of the minimum time required for complete recovery 
might be a technical asset in the design or conduct of later experiments; and, 
secondly, because knowledge of the time course of recovery might help in 
understanding the nature of adaptation. 


Basically, the method used to determine the time course of recovery was to plot the unadapted 
and adapted pressure-volume curves, by two series of inflations performed in rapid succession, 
and then to plot further curves after periods of recovery varying between 0 and 120 min. In 
practice, a more complex programme of inflations had to be used, for the following reasons. The 
act of determining the recovery curve after x min would itself re-adapt the lungs and thorax, and 
recovery would then begin anew: therefore, the next longer recovery period would have to be 
timed not from the end of the second series of inflations (i.e. that used to determine the adapted 
curve) but from the end of the series used to measure the degree of recovery after zx min. This pro- 
cedure would be satisfactory if it could be assumed that the degree of re-adaptation caused by this 
last inflation, when the lungs were already partly recovered, was the same as the adaptation caused 
originally by the first inflation; and this assumption, though a reasonable one, was unproven. To 
demonstrate its truth, an additional series of inflations was performed immediately after the 
series used to determine each recovery curve. If the curves resulting from this series were the 
same as the original adapted curve, the lungs and thorax could then be assumed to have reached 
their stable adapted state. Thus the complete sequence of inflations was: 

(1) zero time: start of first inflation, to obtain the unadapted curve; 
(2) immediately after 1: re-inflation, to obtain the adapted curve; 


* (3) z min after the end of 2: re-inflation, to reveal the extent of recovery ; 


(4) immediately after the end of 3: re-inflation, to determine whether adaptation was the same 
as for 2; 

(5) y min after the end of 4: re-inflation, to reveal the extent of recovery ; 

and so on. Usually, curves were determined for recovery periods of 15, 30, 60, and 120 min; 

ovcasionally also for 75 and 90 min recovery periods. 

A typical result is shown in Fig. 8. To have plotted all the observations 
would have so crowded the points as to obscure the relationships between the 
curves ; therefore only the curves drawn smoothly through the observations are 
shown. Substantially the same pressure was recorded at each volume for the 
original adapted curve and also for the three curves of re-adaptation; the 
range of these pressures at each volume is indicated by a vertical black bar, 
and a mean adaptation curve has been drawn through them. The assumption 
that determination of each recovery curve re-adapts the lungs to the original 
adapted state is clearly justified. | 

The recovery curves lie in order between the mean adapted curve and the 
unadapted curve of the first inflation; they show a gradual transition from the 
adapted to the unadapted form. It is clear that recovery is a gradual process, 
and that in this animal it takes between 60 and 120 min. The 120 min recovery 
curve was an almost perfect replica of the curve of the first inflation; but 
nearly all the pressures were slightly higher than those for the unadapted 
curve, suggesting that there was over 100% recovery. However, in view of the 
very long interval—more than 6 hr—between the determinations of the two 
curves, the resemblance is satisfactory. From a small series of experiments of 
this kind it appeared that recovery usually occupied between 60 and 90 min. 
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Volume of inflation (c.c.) 
Fig. 8. Pressure-volume data from repeated serial inflations of the lungs and thorax of a rabbit, 


showing the time course of recovery from adaptation. §, range of pressures at each volume 
for the four adapted curves. 
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Fig. 9. Pressure-volume data from repeated serial inflations of the lungs and thorax of a rabbit. 
O, Ist series with thorax intact; @, 2nd series with thorax intact, started immediately after 

the end of Ist; A, 1st series with thorax resected, started about 100 min after the end of 2nd 
series with thorax intact; A, 2nd series with thorax resected, started immediately after the 
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The contribution of the lungs and of the tiwraz to adaptation 

At this stage there was nothing to show whether adaptation occurred in the 
lungs alone, in the thorax alone, or in both. To investigate this, pressure— 
volume curves were determined for two series of inflations performed in rapid 
succession. Ninety minutes were then allowed to pass, during which the lungs 
and thorax were not inflated except by the tidal ventilation of artificial 
respiration; it was assumed that in this time complete recovery from adapta- 
tion would occur. The thoracic cage was then opened and resected widely so 
that the lungs would be able to expand freely. Pressure—volume curves were 
then again determined for two series of inflations in rapid succession. The 
results are presented in Fig. 9, where the data for the intact thorax are repre- 
sented by circles and those for the open thorax by triangles; for each condition 
the open symbols represent the first, unadapted, curve and the black symbols 
represent the second, adapted, curve. 

It is apparent that adaptation does occur for the lungs alone; but this does 
not necessarily imply that the thoracic cage does not contribute to the process: 
the experiment provides no information about this. As well as indicating that 
adaptation is a property of the lungs themselves, the curves also show that 
the lungs alone have pressure-volume curves similar to and as complex in 
form as those of the lung-thorax system. 


DISCUSSION 


The complexity of the pressure-volume relationships revealed by these experi- 
ments poses two questions: first, what is the explanation of the change in 
elastic behaviour which has been named adaptation; and, secondly, does the 
fact that similar complexities have not been described for the other species 
which have been investigated imply that the rabbit is alone in possessing them ? 


Possible explanations of the form of the curves and of the phenomenon of adaptation 

Two possible explanations of the adaptive change have been considered. 
The first arises out of the resemblance between the unadapted (first inflation) 
curve and the stress-strain diagram of an elastic material stretched beyond its 
elastic limit. The inflexion of the curve into one of lower slope could indicate 
the onset of a plastic (non-elastic) stretching of the walls of the expanding 
structures of the lungs and possibly of the thorax. On deflation to zero 
(atmospheric) pressure the volume capacity of these structures would remain 
greater than it was before they were inflated—though this increase would not 
be detected by any of the experiments here described—and the thickness of 
their walls would be less than it was before they were inflated. This would 
explain the increased compliance observed in the second and later inflations. 
It would, however, be expected that this increase in compliance should extend 
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to all volumes in the test range, not only to volumes below the upper limit of 
the range; and this is not in accordance with the experimental results. Nor is 
it possible by this hypothesis to account for the gradual recovery from 
adaptation; since plastic deformation might be expected to be permanent. 

An alternative explanation is that the first part of the unadapted curve 
represents the elastic expansion of part only of the total alveoli of the lungs, 
these being in functional connexion with the bronchial tree down to zero 
inflating pressure and so constituting the functional residual volume. The 
sudden inflexion of the curve into one of lower slope (i.e. increased compliance) 
would reflect the recruitment into the ventilated fraction of the total alveolar 
bed of some alveoli which remain closed until the inflating pressure has risen 
above a certain minimum value—in these experiments usually between 10 and 
15 cm H,0. This pressure might be termed the ‘critical opening pressure’ for 
these structures. These alveoli are assumed to remain patent down to zero 
inflating pressure when the lungs are deflated, and to be re-inflatable at all 
pressures from zero upwards provided re-inflation is not long delayed. Thus in 
immediate re-inflation the lungs start with a greater number of functioning 
alveoli than they possessed in the first inflation, so the curve begins as one of 
lower slope, indicating greater compliance; but they end with the same number 
of functioning alveoli as in the first inflation, so the unadapted and adapted 
curves converge, and end in the same pressure-volume point. Recovery from 
adaptation would be explained by the piecemeal return of the newly recruited 
alveoli to their original state, in which they can be expanded only by pressures 
greater than their critical opening pressure. 


The problem of a possible species difference 

The curves observed in this investigation differ in two respects from those 
reported for man: first, the form of the unadapted curve of the rabbit is quite 
different from the sigmoid curves which have most commonly been reported 
for man; and, secondly, there is no reference to the phenomenon of adaptation 
having been observed for human lungs. 

Investigations on human subjects have not been such as could have revealed 
the complex curves described in this paper, even if they really represented the 
behaviour of the material. Those who have investigated the elastic behaviour 
of human lungs have been more interested in the mean slope of the curves than 
in their precise form. Consequently, in most investigations too few obser- 
vations were made over the volume range in any one subject for the form of 
the curve in that subject to be inferred at all reliably; and the sigmoid form 
was in fact inferred from the grouped data from many subjects, after expressing 
the volumes in such a way as to compensate for differences between subjects’ 
total lung volumes (cf. Rahn et al. 1946). If there really was an abrupt inflexion 
in the individual curve, but if this did not occur at a volume equal to the same 
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percentage of the vital capacity in each individual, grouping the data would 
necessarily conceal the inflexions and might give the impression that the 
pressure-volume curve was sigmoid. To test this argument, the data from 
twelve of the rabbits used in this investigation were grouped by a method 
similar in principle to, though different in detail from, that used in the human 
studies. (Because the vital capacities were not known, the method of com- 
pensating for inter-animal differences in the size of lungs and thorax was to 
express the pressures for each animal as percentages of the pressure at 60 c.c. 
inflation in that animal—this being the highest inflation volume common to 
all the animals. In this way the mean slopes of the curves were equalized.) 
When the mean percentage pressures, at each volume, were plotted against 
volume they provided a very close fit to a gently sigmoid curve. Obviously, 
this argument cannot be regarded as conclusive, but it is at least plausible; 
further investigation is required before it may be concluded that there is a 
species difference. 

Nor need the fact that adaptation has not been reported as occurring in man 
be taken to mean that it does not occur. In this investigation it was the repeti- 
tion of an inflation after an unplanned delay of 90 min which led to the 
realization that there were two different forms of elastic behaviour of the lungs 
_and thorax. Without this accident the stable adapted form of curve might 
have been accepted as the true pressure-volume curve, and the unadapted 
curve, because of its apparent non-repeatability, might have been rejected as 
an artifact. Clearly, adaptation is a form of behaviour which we can con- 
fidently expect to reveal only by experiments specifically designed to elicit it; 
and these will not be designed until its existence is suspected. J. Widdicombe 
(personal communication) has recently performed such an experiment in man 
—so far, only on one normal subject—and has found evidence of adaptation 
to inflation and of slow recovery from it. 

The sigmoid curves reported by Saxton et al. (1946) and by Lawton & 
Joslin (1951) for the isolated lungs of rats are not subject to the criticism that 
insufficient observations were made on any single specimen for the form of the 
curves to be inferred. Moreover, Lawton & Joslin (1951) provided theoretical | 
support for their curves by showing that they are consistent with the hypo- 
thesis that the lungs behave as a complex of elastomeric shells with a statistic- 
ally distributed elasticity parameter; and Lawton & King (1949) have shown 
that the data of Saxton et al. (1946) also are consistent with this hypothesis. 
It is possible that the difference between these curves and the more complex 
curves of the rabbit resides in the different preparation used. By the hypo- 
thesis earlier presented to explain adaptation, the abrupt inflexion in the rabbit 
curve reflects a discontinuity in the physical behaviour of the lungs—the 
change from simple expansion of the functional residual volume to expansion 
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plus recruitment of additional potentially expansible alveoli. The experiments 
on rats were performed with isolated lungs, which collapse completely 
on removal from the body. Such lungs have no functional residual volume. 
We might therefore expect their pressure-volume curve to represent the dual 
process—recruitment plus expansion—throughout the volume range; and 
there would be no discontinuity in the curve. In a further paper now in 
preparation evidence will be presented in support of this suggestion. 


SUMMARY 


1. When the lungs and thorax of the living, anaesthetized, curarized rabbit 
are inflated with sinusoidal air flow, the intratracheal pressure is not sinu- 
soidally related to time. The implication is that either the elastic pressure- 
volume relationship or the viscous pressure-flow relationship is non-linear. 
In an effort to determine which is the non-linear component, the elastic 
pressure-volume curve of the lungs and thorax was determined. 

2. There is more than one such curve for the lungs and thorax of a rabbit. 
Which is obtained in any determination depends on the previous history of 
inflation of the lungs. 

3. The curve obtained on the first inflation beyond the tidal volume used 
in artificial respiration starts by being concave upwards, inflects into a curve 
of lower slope, and then increases in slope once more. This type of curve has 
been called an ‘unadapted ’curve. 

4. The curve obtained on immediate re-inflation over the same range of 


volumes starts with a lower slope than the unadapted curve, but it increases 


in slope much more rapidly and the two curves end in the same pressure- 
volume point. Usually, the whole of this curve is concave upwards; occasion- 
ally there is a trace of inflexion in the middle range, but this is small compared 
with that in the unadapted curve. Thiscurve has been called the ‘adapted’ curve. 

5. Further inflations performed in rapid succession after the second inflation 
provide substantially the same curve as the second; the adapted form of 
behaviour is stable over short periods of time. 

6. Repetition of the inflation after a delay of 60-90 min, during which the 
lungs and thorax have not been inflated to more than the tidal volume, provides 
a curve substantially the same as the unadapted curve; repetition after shorter 
delay periods provides curves lying between the adapted and the unadapted 
curve, approaching the unadapted curve as the delay is increased. 

7. Results similar to those summarized in 3, 4, and 5 above are obtained 
after opening the thorax and resecting it widely. The adaptation of elastic 
behaviour is therefore, at least in part, a property of the lungs themselves. 

8. The findings are compared with those previously reported for man and 
other animals; possible explanations of the differences are discussed. Hypo- 
theses to explain the nature of adaptation are suggested. 
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I am indebted to Mr G. Walter and to Mr J. Young for technical assistance; and to Dr J. 
Widdicombe for repeating some of the experiments with encouragingly similar results, and for 
permission to quote his single observation of adaptation in a human subject. I am grateful to 
Professor J. L. D’Silva for his detailed and helpful criticism of the text. 
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THE PRESENCE OF A 5-HYDROXYTRYPTAMINE (SEROTONIN) 
LIBERATOR IN THE GASTRO-INTESTINAL TRACT 


By C. C. TOH 
From the Department of Physiology, University of Malaya, Singapore 


(Received 18 March 1957) 


5-Hydroxytryptamine (serotonin) has been shown to be released from the dog’s 
gastro-intestinal tract (Toh, 1954), but the natural stimulus responsible for its 
release is not known. It has recently been demonstrated that alkali extracts of 
kidney have the power of releasing serotonin and histamine from platelets and 
the name ‘Nephrosin’ has been suggested for the active principle in these 
extracts (Toh, 1956). These findings raise the questions whether Nephrosin is 
also extractable from the wall of the gastro-intestinal tract and whether it is 
also able to release serotonin from the mucosa of the digestive tract as well as 
from platelets. In this paper an account is given of the distribution of the 
serotonin liberator Nephrosin in the wall of the digestive tract and the effect 
of extracts containing Nephrosin on the serotonin content of the gastro- 
intestinal tract. 
METHODS 


Dogs were anaesthetized with pentobarbitone (Nembutal, Abbott Laboratories). A short glass 
cannula, previously treated with silicone, was inserted into the femoral artery and joined to a 
short length of polythene tubing for the collection of blood in silicone-treated cylinders. Nine 
volumes of blood were collected into one volume of 0-9% NaCl solution to which sufficient heparin 
had been added to give 8 u./ml. of the mixture of saline and blood. Rats whose tissues were 
required for extraction were fasted during the night, anaesthetized with ethyl chloride and bled 
to death. 

Alkali extraction. The method of extraction was essentially similar to that previously described 
(Toh, 1956), except for some slight modifications with regard to the length of time of extraction 
and pH adjustments. 1-5 ml. of 0-2x-NaOH was added to every gram of minced tissue and the 
mixture was incubated at a temperature between 55 and 60° C for 1 hr. At the end of this period 
the temperature of the mixture was rapidly raised to 85° C for 1-2 min. The extract was allowed 
to cool and without being strained it was adjusted to a pH between 8-2 and 8-8 with n-HCl. 
The extract was then centrifuged to remove insoluble residue and the supernatant fluid decanted 
through glass wool and its volume measured. Before use the extract was filtered through paper. 

Removal of serotonin and histamine from the alkali extract. The extract was stirred with activated 
wood charcoal (*“Norit’), the amount of charcoal used being 50 mg/ml. extract. The mixture was 
centrifuged and the supernatant filtered through paper. 

Acetone extraction. The method used was that described by Amin, Crawford & Gaddum (1954). 
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Tissue was finely cut up with scissors and extracted with 20 ml. acetone/g tissue. This was kept 
during the night in the refrigerator, and the acetone extract filtered through paper the next day. 
The tissue was re-extracted with an equal volume of 95%, (v/v) acetone for at least three more 


hours. The acetone extracts were pooled together and evaporated to dryness in vacuo. The residue 
was taken up in 0-9% NaCl solution and assayed for serotonin. 


described (Toh, 1956). 

Assay. Serotonin was assayed on the rat’s isolated colon which was suspended in a 20 ml. bath 
containing 0-2 pg atropine. 

RESULTS 
The presence of a serotonin liberator-4m, the wall of the stomach 

The muscularis externa, submucosa and mucosa of dogs’ stomachs were 
dissected from each other and separately extracted with 0-2n-NaOH as 
described in ‘Methods’. These extracts contained histamine and serotonin, and 
were freed from them with activated charcoal. They were then tested for their 
ability to release serotonin from platelets by adding them to dog’s blood which 
had been collected in heparin or in heparin and sodium ethylene diamine 


TaB_E 1. Release of serotonin from blood by extracts of the stomach wall 


Expt. 1 Expt. 2 Expt. 3 Expt. 4 . 

Stomach, muscularis externa 0-08 0- 005 0 0-03 0 0-02 0 
Stomach, submucosa 0-04 0 0-23 OO1 0-23 0 0-05 0 
Stomach, mucosa 0-22 0 0-60 0 0-38 0 0-24 0 
Kidney 0-15 0 — — 06-38 0 0-12 0 
Control, no extract added 0-03 0 0 0 0-03 0 0-06 0 


tetra-acetic acid (versene). The amounts of extracts added to blood were 
calculated to give the equivalent of 50 mg tissue/ml. The mixtures were 
centrifuged and the serotonin contents of the plasmas were ascertained by 
assaying their dialysates on the atropinized rat’s colon. 

Table 1 gives the results of four experiments, and it can be seen that in all 
of them extracts of the stomach mucosa were most active in releasing sero- 
tonin from heparinized blood. Serotonin-releasing activity could also be 
detected in two extracts of the submucosa, but the amounts of serotonin 
released by them were only 38 and 60% of the amounts released by the 
mucosa. Two other extracts of submucosa did not show any releasing activity. 
In all four experiments extracts of the muscle wall were found to be inactive 
in releasing serotonin. 

In three experiments the serotonin-releasing activity of the kidney of the 
dog was also compared with that of the stomach mucosa. It was found that in 
two experiments the kidney had 50 and 68% of the activity of the stomach 
mucosa, and in one both tissues showed the same activity. 


Serotonin (g/ml. plasma) 
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The serotonin-releasing activity of the stomach layers was also tested on 
blood collected in versene, which had previously been found to inhibit the 
serotonin liberator in the kidney (Toh, 1956). As can be seen in Table 1, 
versene was equally effective in preventing the release of serotonin from blood 
by extracts of the stomach mucosa and the kidney. 


Distribution of the serotonin liberator in the 
mucosa of the gastro-intestinal tract 
As serotonin-releasing activity was found to be greatest in the mucosa of 
the stomach and there was little or none in the other layers, the distribution of 


the liberator in the digestive tract was studied only in the mucosal layers. 
The methods were similar to those described above. 


TaBLz 2. Distribution of serotonin liberator in the mucosa of | 


the gastro-intestinal tract 
Serotonin released (ug/ml. plasma) 
Mucosa from Dog 1 Dog 2 Dog 3 Dog 4 
Stomach 0-36 0-18 0-12 0-36 
Duodenum 0-13 0-02 0-03 0-02 
Jejunum 0-30 0-02 0-09 0-01 
0-01 
Control, no extract added 0 0 0-01 0-01 


Extracts were added to blood (8 units heparin/ml.) to give 50 mg tissue equiv/ml. 


In four dogs examined serotonin-releasing activity was always found in the 
stomach mucosa, but it was not consistently obtained with the mucosa of the 
intestinal tract (Table 2). Slight serotonin-releasing activity was found in the 
duodenal mucosa of only one dog (Dog 1, Table 2) and this released only one- 
third of the amount of serotonin liberated by the stomach mucosa. In three 
other dogs no releasing activity was found in extracts of the duodenal mucosa. 
In two dogs extracts of the jejunal mucosa released 83 and 75 % of the amounts 
of serotonin released by extracts of the stomach mucosa, while in two other 
dogs no serotonin-releasing activity was found in the jejunum. In the single 
experiment done on the mucosa of the ileum and colon no serotonin-releasing 
activity was detected in their extracts. It is o interest to record here that 
alkali extracts of the pancreas of two dogs did not release serotonin from blood. 


The effect of alkali extracts of kidney and stomach mucosa on 
the serotonin content of the digestive tract and spleen 
In these experiments alkali extracts of ox kidney and pig stomach mucosa 
were used, as they could be more readily obtained in quantity. The extracts 
were freed from histamine and serotonin with activated charcoal before use. 
Three groups of rats, each consisting of four animals, were employed. One 
group was injected intraperitoneally with 5 ml. of kidney extract equivalent 
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to 2 g tissue; another group was also injected intraperitoneally with 3-4 ml. 
stomach mucosa extract equivalent to 2 g tissue, while the remaining group 
served as a control and received 5 ml. 0-9°% saline solution intraperitoneally. 
The injections were administered once daily for three consecutive days during 
which the animals were given their usual food and water. The animals were 
killed 24 hr after receiving their last injection. The stomach, small intestines, 
colon and spleen of each animal were dissected out, cleaned in tap water, 
cut up with scissors and separately extracted with acetone for serotonin. 
The serotonin values given in these results are therefore those for the whole 


organs. 

The effect of the extracts on the serotonin content of the gastro-intestinal 
tract are given in Table 3. An analysis of the serotonin values found in the 
stomachs, small intestines and colons of the three groups showed that the 
extracts did not produce any significant change in the serotonin content of _ 
these organs. Thus, if the serotonin content of the digestive tract of the 
control group (Group A) is compared with that of the kidney-treated group 
(Group B), it is seen that the mean serotonin value for the stomach in Group A 
was 6-0 ug/g tissue, which was close to the value of 6-5 g/g tissue found in the 
stomach of Group B. The mean serotonin content of the small intestines of 
the control group was 2-2 ug/g tissue and that in the animals treated with 
kidney extract was 4-1 ug/g tissue. This difference in the mean values of the 
serotonin content of the small intestines of the two groups, however, was not 
significant, for on submitting the individual values obtained from each rat to 
a statistical analysis it was found that P lay between 0-1 and 0-2. Similarly, 
no significant difference was found in the serotonin content of the colon in 
the two groups of rats, although the mean serotonin content of the colon of 
Group A was 4-9 ug/g tissue and that of the colon of Group B was 8-5 ug/g 
tissue. An analysis of the results for the colon showed that P lay between 
0-2 and 0-3. 

In the stomach mucosa-treated group (Group C’) the mean serotonin content 
of the stomach was 4-8 yg/g tissue, whereas the mean value for the control 
group was 6-0 ug/g tissue. This difference was not significant, for P lay between 
0-1 and 0-2. The mean serotonin content of the small intestines of Group C 
was 1-7 ug/g tissue, which did not differ greatly from the value of 2-2 ug/g tissue 
found for the control group. Finally, the mean serotonin content of the colon 
in Group C was 5-1 yg/g tissue, which approximated very closely to the figure 
of 4-9 ug/g tissue found for the colon of the control group. 

Although the kidney and stomach mucosa extracts did not affect the sero- 
tonin content of the gastro-intestinal tract, they did reduce the serotonin 
content of the spleen. Thus the concentration of serotonin in the spleen of the 
extract-treated rats (Groups B and C) was significantly lower than that in the 

spleen of the control group (Group A), P being <0-001. As the weights of the 
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spleens tend to differ widely, owing probably to residual amounts of blood in 
them, a comparison of the total serotonin content of the spleens was also 
made. Thus in Group B the mean total serotonin content of the spleen was 
1-6 wg, which was 53 %, of the amount found in the spleen of the control group 
(Table 4). This difference was significant, for P lay between 0-02 and 0-01. 
The spleen of rats in Group C had a mean total serotonin content of 0-8 ug, 
which was only 27 % of the amount found in the spleen of the control group. 
Thus the extracts reduced not only the concentration of serotonin in the spleen 
but also its total content of serotonin. 


Tasxz 3. Effect of extracts on serotonin content of gastro-intestinal tract 
Group A Group B Group C 


A A Significance of 
Serotonin Serotonin Serotonin difference 


Wt. (mg/g Wt. (ug/g wt. (ug/g 

(g) tissue) (g) tissue) (g) tissue) P, P, 
Stomach 0884004 604041 0804001 654069 0864001 484075 >04 
Small intestine 2-7541-:17 2-240-36 2634017 4141-20 2624004 174047 >01 > 0-4 
Colon 0614056 494052 0564015 854253 0584600 5141164 >0-2 >09 
Body wt 190+ 8-2 195+ 6-3 188 47-5 — 


a e mean values+s.z. P, is comparison between the tissue serotonin content of Groups A and 
2 of antral y, Group A (4 rats) injected with 5 ml. 0-9% saline 1.¥.; Group B (4 rats) injected wi 

kidney extract (equivalent to 2 g tissue) 1.P. ; Group C (4 rats) injected with 3-4 ml. stomach mucosa ex 


Tas_z 4, Effect of extracts on serotonin content of spleen 


Significance of difference 
Weight Serotonin Totel serotonin - 
(g) (mg/g tissue) (ug) P, P, 
Group A 0-85 + 0-07 3-4+0-22 3-0+40-34 -- — 
Group B 1:25 +.0-08 1340-18 1-6+0-23 <0-01 <0-02 
>0-001 >0-01 
Group C 1-1340-14 0-8+0-33 0-34 <0-2 <0-01 


>01 >0-001 


Figures give mean values+s.z, P, is comparison between the splenic weights of the control 
Group A and the extract-treated Groups Band C. P, is comparison total 


serotonin content of the control Group A and the extract-treated Groups B and C. Same animals 
as in Table 3. 


The mean weight of the spleen of rats in Group B was greater than that of 
the control animals, being one and a half times heavier. This difference was 
significant, as P lay between 0-01 and 0-001. However, no such significant 
difference was found between the weights of the spleens of Group C and the 
control group. A histological examination of the spleen of a rat treated with 
kidney extracts did not reveal any obvious difference from that of a control 
animal. 

DISCUSSION 


The regular finding of the serotonin liberator in the stomach mucosa but not 
in the intestinal mucosa raises doubts as to its significance as the agent 
responsible for the release of serotonin which is known to occur in the dog’s 
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_ gestro-intestinal tract (Toh, 1954). Moreover, although stomach mucosa 


extracts are capable of releasing serotonin from platelets they have not been — 
found to be able to release serotonin from the gastro-intestinal tract. Both 
serotonin and histamine are found in greatest quantities in the stomach and 
intestine, but very few agents have so far been found to be able to release them 
from these sites. Thus, Mongar & Schild (1952) have shown the resistance of 
intestine histamine to release either by synthetic histamine liberators like 
48/80 or by antigens like egg albumin. According to Pletscher, Shore & Brodie 
(1955), however, serotonin can be released from the intestines of the rabbit by 
reserpine, and they have also noted that even the action of reserpine was slow, 
8-16 hr being required to produce maximal depletion of the intestinal sero- 
tonin after intraperitoneal administration of the alkaloid. 

Spleen serotonin is readily released both by extracts of stomach mucosa and 
kidney. Most of the spleen serotonin is probably derived from the serotonin 
present in platelets which have lodged in the organ, and this would readily 
explain the facility with which these extracts deplete the organ of its sero- 
tonin content. A reduction in platelet serotonin would naturally be reflected 
in the amount of serotonin found in the spleen. 

These experiments do not permit any conclusion being drawn as to the 
function of the active principle in the stomach mucosa extracts. Nevertheless, 
it is still interesting to note that so far only the kidney and stomach mucosa 
have been found to provide the most active extracts which can release sero- 
tonin from platelets, and that the releasing activity of both extracts is 
equally inhibited by versene. To the list of tissues which have previously 
been found to contain no such liberator (Toh, 1956) must now be added the 
pancreas and the smooth muscle layer of the gut. 


SUMMARY 

1. A substance capable of releasing serotonin from blood is present in 
extracts of stomach mucosa and submucosa but not in the muscularis externa. 
It is also absent from the pancreas. 

2. Extracts of the intestinal mucosa do not always contain the liberator. 

3. Extracts of stomach mucosa and kidney do not change the serotonin 
content of the gastro-intestinal tract when injected intraperitoneally 
in rats. 

4. Both stomach mucosa and kidney extracts can deplete the serotonin 
content of the spleens of rats. 

5. Versene inhibits the ability of both stomach mucosa and kidney extracts 
to release serotonin from blood. : 
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THE EFFECTS OF 5-HYDROXYTRYPTAMINE ON THE 
MOVEMENT OF SODIUM AND POTASSIUM THROUGH 
THE ISOLATED AMPHIBIAN SKIN 
By V. R. PICKLES 
From the Department of Physiology, University of Sheffield 
(Received 9 April 1957) 


Hydroxytryptamine has many well known effects, and some less well known, 
that may involve either facilitation or inhibition of sodium and potassium 
movements through biological membranes. The numerous direct actions on 
peripheral nervous and muscular structures, excitatory in most cases but 
inhibitory in some, presumably involve the usual changes in Na and K fluxes; 
_ though there may well be intermediate stages between the binding of 5-hydr- 
oxytryptamine (5-HT) into the cell and the consequent changes of Na and K 
permeability. Experiments on human erythrocytes (Pickles, 1956) have 
shown that high concentrations of 5-HT retard the passive loss of potassium 
from the cells. 

In the present experiments the working hypothesis that 5-HT generally 
affects Na and K fluxes through the membranes has been tested on another 
convenient preparation, the isolated frog or toad skin. These skins show a 
fairly simple system of water and salt absorption, which has often been studied 
for its relevance to comparable mammalian mechanisms. Briefly, the isolated 
skin with Ringer’s solution on both sides actively transfers Na from its outer 
to its inner surface, while Cl ions follow passively in the same direction and 
smaller amounts of Na and K leak back passively in the reverse direction. If 
the outer surface is bathed in well-stirred distilled water, the active Na pump 
is unable to transport inwards all the Na that leaks outwards down the con- 
centration gradient, and there is a net movement of ions from the inner fluid 
outwards. In the experiments to be described, the effects of added 5-HT have 
been determined on the net Na and K fluxes measured directly, on the electrical 
potential difference (p.d.) across the skin, and on the short-circuit current 
which isa measure of the active Na pump. It is concluded that 5-HT in general 
increases the ‘passive’ permeability of the skin to Na and K, but in some cir- 
cumstances decreases it. A preliminary account has been given to a meeting 
of the Physiological Society (Pickles, 1957). 
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_ METHODS 


Measurement of net Na, K and water fluxes. Adult specimens of Rana temporaria and Bufo bufo 
were used, after being kept in captivity unfed but with adequate access to tap water for periods of 
one to several weeks. The animals were pithed and the whole of the ventral abdominal skin was 
carefully cut out, mounted with the inner surface upwards on the apparatus shown in Fig. 1, and 
then left for about 4 hr before tests were begun. During this time the Ringer's solution bathing 
the inner surface and the glass-distilled water bathing the outer surface were changed, usually 
once. The Ringer’s solution consisted of NaCl 6 g, NaHCO, 0-1 g, CaCl, 0-1 g, KC1 0-076 g and 
resin-filtered water to 1 1.; it contained no glucose, and no oxygen except that absorbed from the 
atmosphere. 

Since the net movement of the sodium or potassium could be affected by changes in the water 
movement, this was routinely measured at the same time. The apparatus (Fig. 1) was modified 
from the ‘Oil Discharging Osmometer’ originally described by Reid (1890) and later used by 
Sawyer (1951). In its original form it was found to be too much affected by small changes in 
room temperature. This difficulty was overcome by balancing the part of the apparatus holding 
the skin against an identical one containing a rubber membrane instead of the skin. The various 


Skin C 


Fig. 1. The apparatus used. Vessels a, a’ and the tubes connected with them contain frog Ringer's 
solution without glucose; vessels b, b’ contain distilled water. The skin is tied on to the lower 
end of vessel a with its inner surface upward. A layer of liquid paraffin prevents evaporation 
from the two beakers on the balance pans. Vessels a’, b’ and their connexions, with a rubber 
membrane in place of the skin, form a compensator for changes in room temperature. The 
tubes are led forward through holes in a special front panel on the balance case, not sideways 
as shown, and vessels 6, 6’ are immersed in the same water-bath. The micrometer syringe on 
the right-hand side is used to maintain the balance of the two beakers on the balance pans, and 
this enables measurements to be made of the rate at which water passes in through the skin 
by osmosis or active transport. The whole apparatus is used at room temperature. The Ringer's 
solution in a is stirred by a magnetic stirrer, not shown. 


levels were adjusted so that the skin was subjected to no appreciable hydrostatic pressure differ- 
ence, and in order to maintain this state the release mechanism of the balance was clamped to 
allow only a minimal movement (not more than 1 mm) of the balance pans. The micrometer 
syringe on the control side was filled with Ringer’s solution at the beginning of the experiment and 
the plunger was screwed gradually in to counterbalance the water entering through the skin as the 
experiment proceeded. In this way it was possible to measure the water movement every few 
minutes, if necessary, without disturbing the preparation. The water bathing the outer surface 
of the skin was 5 ml. in volume and was usually changed at hourly intervals; the substance whose 
effect was being tested was added either to the Ringer’s solution or to the water during one such 
period, preceded and followed by control periods in which no such addition was made. The 
experiments were done throughout at a room temperature of 16~21° C. 

The sodium and potassium contents of these water samples were estimated by means of the 
‘Uvispek’ spectrophotometer with flame attachment. All estimations were duplicated, and the 
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mean difference between the members of pairs was found to be 0-1 ug/ml. for both Na and K; this 
is about 2% of an average Na measurement in these experiments, and about 10% of an average K 
measurement. The percentage difference between repeat estimations with this instrument would 
be less, if the quantities of Na and K available for measurement were not so very small. 

In two experiments an attempt was made to see whether 5-HT passed through the skin, by 
ultraviolet spectrophotometry of the fluid on the side to which the 5-HT had not been added. In 
one experiment added sucrose was estimated by the method of Bacon & Bell (1948). 

Electrical measurements, The p.d. across the skin with zero current flow, and the short-circuit 
current (the current giving zero potential difference across the skin), were determined by means of 
an apparatus essentially similar to that described by Ussing & Zerahn (1951). In some experi- 
ments the membrane potential alone was measured at 5 min intervals, and in others the short- 
circuit current was measured between pairs of measurements of the membrane potential, the 
values of which were averaged. Skins of Rana temporaria only were used for the electrical experi- 
ments; and unlike the skins through which the net ion movements were measured directly, they 
were bathed in oxygenated Ringer’s solution on both sides. Correction was made for any small 
potential differences arising in the electrode system. These were determined by repeatedly draw- 
ing up the Ringer’s solution on both sides of the cell into a wide inverted Y-tube, in order to short - 
circuit the skin, and then measuring the residual potential difference. 

RESULTS 


The net outward movement of sodium through ten frog skins and ten toad 
skins bathed internally in Ringer’s solution and externally in distilled water 
with no drugs added, averaged 0-30 + 0-09,.-equiv/cm*. hr (s.z. of mean). The 
corresponding movements of potassium averaged 0-07 + 0-01 y-equiv/cm’. hr. 
There was no significant difference between the toads and the frogs. 

The net inward water movement through the same skins averaged 22 + 3,1./ 
em’. hr (s.z. of mean). The addition of 5-hydroxytryptamine was not found to 
affect the water movement significantly, and its effects on ion movement could 
not be explained as resulting from any effect on water movement. — 


Effects of 5-HT creatinine sulphate on the net Na and K fluces 


When 5-HT creatinine sulphate (5-HTCS) was added in various concen- 
trations between 36 and 1000yug/ml. to either the water on the outer surface 
or the Ringer’s solution on the inner surface of the skin, the net Na and K 
effluxes were increased, except in the particular instances mentioned below. 
For Na, the mean increase in fourteen such experiments was 0-107 + 0-029,- 
equiv/cm*, hr (s.z. of mean), which was an increase of 29°% over the mean 
control value; for K, the mean increase was 0-033 +0-011 y-equiv/cm*. hr 
(s.£.) representing an increase of 42%. There were no significant differences 
between the four experiments in which the 5-HTCS was added to the Ringer’s 
solution and the ten in which it was added to the water. The mean increases in 
certain groups were greater than the over-all mean increases quoted. 

The dependence of the Na effect (the increase in Na flux) on (a) the log. of 
the concentration of 5-HTCS, and (b) the control net flux value, was in- 
vestigated by multiple regression analysis. The partial regression coefficient 
of the Na effect in x-equiv/cm*. hr on the log. of the concentration of 5-HTCS in 
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ug/ml., the control values being held constant, was +0-138 + 0-066 (s.z.), and 
the regression line cut the X-axis at the value of 30ug/ml. This regression 
coefficient is not quite significant at P =0-05, but it suggests that the threshold 
concentration is about 30g/ml. and that the effect increases with increasing 
dose above that. The eight experiments in which the concentration of 5-HTCS 
was between 120 and 220yug/ml. showed a mean increase of 42% in the Na 
efflux and 56%, in the net K efflux. 


Tasie 1. Results of fourteen consecutive experiments in which 5-HTCS was added either to the 
Ringer’s solution (R) on the inner surface, or to the water (W) on the outer surface of the 
isolated skin of a frog (F) or toad (T). Control flux= mean net efflux in one control period 
preceding and one control period following that in which 5-HTCS was added ; Na effect = excess 
of net Na efflux in presence of 5-HTCS over control flux; K effect similarly defined. All fluxes 
are given here in y-equiv/hr for the whole skin area used, viz. 2-80 cm*. 


Log,» concen. 
of -HTCS Control 


Control 
Expt. no. (ag/mil.) Na flux Na effect K flux K effect . 

16F 2:30 W 1-28 + 0-45 0-32 0-00 
17F 2-25 W 1-22 +0-18 0-32 + 0-02 
19T 2-34 W 0-55 +0-15 0-15 +0-20 
20T 2-25 W 0-64 +017 0-16 +0-07 
21T 2-20 W 0-35 +0-82 0-18 +0-41 
25T 2-34W 0-62 + 0-35 0-13 +0-14 
33F 1-56R 1-05 + 0-09 0-20 + 0-02 
34F 1-90R 0-49 +0-30 0-17 + 0-06 
37F 2-:16R 0-63 +0-19 0-08 +0-10 
40F 2-30 W 1-09 +011 0-18 + 0-02 
4)F 2-25R 0-82 + 0-65 0-10 + 0-04 
79F 3-00 W 3-05 — 0-23 0-34 — 0-06 
80F 3-00 W 0-95 + 0-96 0-25 +0-10 
8lF 1-70W 1-83 —0-01 0-07 


The partial regression coefficient of the Na effect on the control values, the 
log. concentration being held constant, was —0-333+0-105 (s.z.). This is 
significant at P =0-01 and shows that the effect decreases as the control value 
increases. The regression line cuts the X-axis at 0-69, so that when the control 
flux is greater than about 0-69.-equiv Na/cm?. hr the effect of adding 5-HTCS 
is more likely than not to decrease the flux. In fact, two such instances 
occurred among the fourteen experiments quoted, when the control fluxes 
were 1-09 and 0-65yu-equiv Na/cm?. hr. A third instance occurred in a series 
of four experiments under different conditions, not included in the above 
analysis, when the control flux was again very high viz. 1-13,:-equiv Na/cm?. hr. 

The estimations of the K efflux were subject to tuo great an error to justify 
a full statistical analysis, but they appeared generally to show the same changes 
- a net Na efflux. The results for both Na and K are set out in detail in 

able 1. 

In summary, 5-HTCS generally increased the measured fluxes of Na and K, 
the effect increasing as the concentration of 5-HTCS was raised from a thres- 
hold value of about 30ug/ml. to about 200ug/ml. The increases in flux were 
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however less when the fluxes were initially high, and in the few instances in 
which the fluxes were initially very high the addition of 5-HTCS decreased 
rather than increased them. 
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| Time (min) 
Fig. 2. The effect on the skin p.d. of adding 5-HTCS to the Ringer's solution bathing the inner 
surface. The absence of effect when creatinine hydrochloride (C) is added is shown first. 


HTCS, 130 gg/ml. 
(total 230 g/ml.) 
0 0 20 7 8 W 100 
Time (min) 


Fig. 3. The effects on skin p.d. (@—@) and on short circuit current (O—O) of adding to the Ringer 
solution bathing the inner surface: (a) 5-HTCS 100yg/ml.; (b) further 5-HTCS bringing the 
total concentration to 230ug/ml. 


Effects of 5-HTCS on potential difference and 
short-circutt current 

The addition of 5-HTCS (100yug/ml.) to the Ringer’s solution reduced the 
p.d. across the skin (Figs. 2, 3), except in the instances mentioned below. The 
response to 20ug/ml. was smaller (Fig. 2) and inconstant. That to 230ug/ml. 
was no greater than that to 100ug/ml.; in fact even some reversal of the effect 
was found in the two experiments in which a higher concentration of 5-HTCS 

was added to a lower concentration already present (Fig. 3). 
In general the depolarizing effect of 5-HTCS was proportionately greater 
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when the initial p.d. was high. Preparations showing a low p.d., less than about 
40 mV, were much less sensitive, or (as in three out of seven such instances) 
showed a small increase in p.d. on addition of 5-HTOS. 

In general 5-HTCS had no effect on the short-circuit current. When it was 
added in concentrations high enough to reduce the pH below 7 it did, however, 
decrease the short-circuit current (Fig. 3, 230ug/ml.); the trials with creatinine 
hydrochloride, described later, suggest that this is a non-specific pH effect. 
The significance of the other effects of 5-HTCS is discussed later. 


Effects of substances other than 5-HTCS 


Creatinine hydrochloride. 5-HT is readily obtainable only as the complex 
with creatinine and sulphate, which has an acid reaction on solution in water. 
It was necessary to make certain that the effects attributed to the 5-HT were 
due neither to the creatinine, nor to the sulphate, nor to the tendency to 
decreased pH. Sodium sulphate had no effect up to a concentration of 
500yug/ml. (the highest tested) on a skin that responded to 100yg/ml. of 
5-HTCS. The other two possibilities were eliminated together by control 
experiments with creatinine hydrochloride, which has the same effect on pH as 
has the equivalent 5-HTCS. A concentration of 200yg/ml. of 5-HTCS, or the 
equivalent creatinine hydrochloride, reduced the pH of the Ringer’s solution 
to about 7-0; similar concentrations had little effect on the pH of the distilled 
water used, since it was initially about 5-0. | 

In eight experiments the addition of creatinine hydrochloride, in concentra- 
tions of 45-200g/ml. to either the inner or the outer liquid, was found to have 
no statistically significant effect on the net Na and K fluxes. The mean increase 
in Na movement was 0-06 + 0-04 (s.z.) x.-equiv/cm?. hr, and in K movement 
0-01 + 0-01 (s.£.) p-equiv/cm*. hr. Although not significantly different from 
zero, these increases raise the possibility that a part of the effect of the 5-HTCS 
may be due to either the creatinine or the hydrogen-ion concentration. It is 
most unlikely that the whole of the effect can be explained in this way; for in 
five of the eight experiments mentioned, direct comparisons were made of 
5-HTCS and the equivalent creatinine hydrochloride on the same preparation, 
and in each case the effect of the 5-HTCS was greater than that of the creati- 
nine hydrochloride. The excesses (of 5-HTCS effect over creatinine HC] effect) 
averaged 0-12 +0-030u-equiv Na/em*. hr and 0-01 +0-007y-equiv K/cm’. hr 
(means +8.£.). These five experiments confirmed the effect of 5-HT on the Na 
movement. The effect of 5-HT creatinine sulphate on the movement of K ions 
was not significantly greater than the effect of creatinine hydrochloride. 

Creatinine hyrochloride had little or no effect on the skin p.d. when it was 
added to the Ringer’s solution to give concentrations of up to 100ug/ml. 
(examples are shown in Figs, 2 and 4a). In higher concentrations which made 
the Ringer’s solution markedly acid, the short-circuit current and the p.d. 
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decreased part passu, indicating that the active movement of Na ions was 
being inhibited (Fig. 4, b). A similar dependence of the Na pump on pH has 
been described by Huf, Parrish & Weatherford (1951), and attributed to 
competition between the H+ and Nat ions for receptor sites. 

A slight inhibition of the active reabsorption of Na, such as that shown in 
Fig. 4 at a, could nevertheless have a measurable effect on the net outward Na 
movement; for example, a decrease of only 54A/cm* in the short-circuit 
current, as in the example shown, corresponds to a decrease in Na reabsorption 
of 0- 19y.-equiv/em?. hr. Itis therefore possible that the increase of 0-06 -equiv/ 
em*. hr in net Na movement found on addition of creatinine hydrochloride 
resulted from partial inhibition of Na reabsorption. 


3 
> 
30+ 
0 0 © 3S 7 8 W 100 110 
Time (min) 


Fig. 4. Effects on skin p.d.(@—@) and on short circuit current (O—O) of adding creatinine hydro- 
chloride (a) 50yug/ml. and (b) a further 1000yug/ml. to the ‘inner’ Ringer’s solution. The 
creatinine hydrochloride was allowed to remain in contact with the skin until the end of the 
experiment as shown. 


In the few chemical experiments on concentrations of 5-HTCS greater than 
220ug/ml., the equivalent creatinine hydrochloride was added during the 
control periods, and all the solutions were brought to pH 7-4 by addition of 
small amounts of lithium carbonate. These experiments showed that the 
addition of 5-HT, the concentration of creatinine being the same in the control 
and the experimental periods, had the usual effects on Na and K fluxes. 

Tryptamine. The statement in the preliminary note (Pickles 1957) that 
tryptamine had no effect on the net Na and K effluxes was based on experi- 
ments in which it was added to the water on the outer surface of the skin. 
When tryptamine base was added (100,g/ml.) to the Ringer’s solution on the 
inner side, it increased the net ion movements to approximately the same 
extent as did the 5-HTCS in similar concentrations. As would be expected 
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if its effect. were known to be similar to that of 5-HT base, it decreased the skin 
p.d. without decreasing the short-circuit current (Fig. 5). 

Bufotenine (NN-dimethyl 5-HT). In two experiments, bufotenine in con- 
centrations of 100 and 1000jg/ml. in the ‘inner’ Ringer’s solution increased the 
net Na efflux by —0-08 and +0-12y-equiv/cm*. hr respectively, and the net 
K efflux by —0-01 and —0-03,:-equiv/cm*. hr. In general therefore it did not 
increase the net fluxes. | 

Histamine. In two experiments histamine acid phosphate, added in con- 
centrations of 300ug/ml. to the Ringer’s solution or to the water, caused 
changes in net Na and K effluxes between 0-00 and —0-03-equiv/cm’. hr; 
it thus had no significant effect. 


52 
106 
a 
Tryptamine, 50 
0 0 20 3 4 530 6 70 8 
Time (min) 


Fig. 5. The effects on skin p.d. (@—@) and on short-circuit current (O—O) of adding tryptamine 
(50 ug/ml.) to the Ringer’s solution bathing the inner surface. 


i Permeability of the skin to other substances 

In several of the experiments in which the net Na and K fluxes were 
measured directly, Evans blue was added to the Ringer’s solution. At the end 
of the experiment none could be detected in the water ‘outside’ the skin, 
whether 5-HTCS had been present or not. 

In one experiment the water ‘outside’ was replaced by 9% sucrose solution. 
The inward movement of water continued, despite the equal tonicities on the 
two sides of the skin, but no sucrose could be detected in the Ringer’s solution 
on the ‘inside’, whether in the presence or absence of 5-HTCS. 

In two further experiments, the Ringer’s solution was examined spectro- 
photometrically to determine whether 5-HT passed through the skin when it 
was added for periods of 1 hr to the water ‘outside’. No evidence was found 
of any such permeation, although the method appeared sensitive enough to 
detect one-tenth of the added 5-HT, had it passed through the skin. The 
presence in the Ringer’s solution of other compounds absorbing light of the 
same wave-lengths prevented a high sensitivity in these tests. 
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DISCUSSION 
The nature of the ionic fluxes measured 

When the isolated skin is bathed internally in Ringer’s solution and externally 
in distilled water, the net outward flux of Na is equal to the ‘passive’ efflux 
minus reabsorbed Na, the passive influx (back-diffusion) being negligible. The 
conditions of these experiments—the delay after setting up the preparation, 
the absence of any substrate, or oxygen beyond that absorbed from the atmo- 
sphere, and the initial absence of Na on the outer surface of the skin—were 
deliberately chosen in order to minimize the activity of the Na pump. There 
was, however, no evidence that it was entirely inactivated, and the net efflux 
as measured is likely to be somewhat less than the true passive efflux. 

Much the same applies to the K efflux, except that since the cation-pump is 
said to be highly selective of Na (Ussing, 1954), the situation is less likely to 
be complicated by active reabsorption. 

The evidence provided by the direct measurements of net Na and K effluxes 
does not itself rule out the possibility that some or all of the increase caused 
by 5-HT may be the result, not of increased passive efflux, but of decreased 
active reabsorption. This possibility is eliminated by the evidence from the 
measurements of the short-circuit current, which is an almost exact measure 
of the active Na transport (Ussing & Zerahn, 1951). In general 5-HTCS 
decreases the p.d. without decreasing the short-circuit current. This, together 
with the direct measurements of net fluxes, can only mean that the passive Na 
conductivity is increased, thus allowing the Na ions to move back from the 
inner to the outer surface of the skin; but the Na pump itself is not inhibited. 

The effects of 5-HT in cation movements are not necessarily direct; there 
may well be intermediate stages. It is possible, for example, that some or 
all of the effects found may be secondary to an initial effect on chloride 
permeability. 

‘ Reversal’ of the effect 

The direct measurements of the ion fluxes suggested that 5-HTCS might 
decrease rather than increase the passive movements when the control Na flux 
was greater than about 0-69,-equiv/cm*, hr; the electrical measurements 
showed a similar tendency when the p.d. was less than about 40 mV. These are 
likely to be two different aspects of the same phenomenon. It is known that 
the p.d. across the skin is less than the true e.m.f. of the Na+ pump, since the 
latter is shunted by passive movements of ions through the skin (see Ussing, 
1954). The greater this passive movement, the smaller the p.d. if other factors 
remain constant. 

The general conclusion is that 5-HT increases the passive Na and K fluxes 
through most frog skins, but decreases these fluxes through a small number of 


skins that have unusually low resistance to ‘passive’ ions. 
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Specificity of the effect 

The substances tested, other than 5-HT and creatinine hydrochloride, were 
histamine, tryptamine, and bufotenine. Histamine and bufotenine have no 
effect on the Na and K fluxes, whereas tryptamine consistently exerted a 
5-HT-like effect. It is not surprising that even such a short experimental 
survey shows 5-HT not to be completely specific in the effect described; 
tryptamine in particular is well known to have some 5-HT-like effects. 

The well known effects of 5-HT on peripheral nerve and muscle cells are in 
general excitatory, and presumably involve the usual increases in passive Na 
and K fluxes. Previous investigations on erythrocytes (Pickles, 1956) 
suggested that 5-HT retarded passive K movements. The present experiments 
show either acceleration or retardation of passive Na and K movements, 
according to whether the previous flux was low or high. It remains to be 
discovered why the effect varies in this way. 


SUMMARY 
1. Pieces of isolated abdominal skin of frogs and toads, bathed in Ringer’s 
solution on their inner surface and distilled water on their outer surface, allow 


a net movement of water from the outer surface inwards and net movements of | 


Na and K in the reverse direction. 

2. These movements are considered largely to represent simple diffusion, 
although part of the Na that diffuses out may be actively reabsorbed. 

3. The net Na and K fluxes are generally increased on addition of 5-hydr- 
oxytryptamine (5-HT); the net water movement is not consistently altered. 

4. In skins showing very high initial Na and K fluxes, the addition of 5-HT 
decreases rather than increases the net movements. 

5. Addition of 5-HT does not alter the short-circuit current but does 
decrease the skin p.d., confirming that the increase in net Na efflux results 
from increased passive efflux and not from decreased active influx. 

6. The skin is normally impermeable to Evans blue and to sucrose, and 
remains so on addition of 5-HT. 

7. Tryptamine has effects similar to those of 5-HT. Creatinine hydro- 
chloride has a non-specific effect attributable to pH change. Bufotenine and 
histamine have little or no effect on this preparation. 


This work and that reported previously (Pickles, 1956) were supported by grants from the 
Beaverbrook and Medical Research Funds of Sheffield University. I wish to thank Professor 
D. H. Smyth for his advice in the preparation of the manuscript; Miss Hilda M. Davies of 
the Department of Statistics, Sheffield University, for the multiple regression analysis; and 
Miss P. Hopkinson for her technical assistance. 


A 
504 
| Bacon, J 
Hor, E. ¢ 
frog 
| PARRATT, 
PICKLES, 
PICKLES, 
E. 
312- 
SawYER, 
| Ussinea, 
(Syu 
Ussine, 
| in ti 
4 


5-H YDROXYTRYPTAMINE ON AMPHIBIAN SKIN 505 


REFERENCES 


(1948). Fructose and glucose in the blood of the foetal sheep. 
Biochem. J. 42, 397 

Hor, E. G., ee tae & W Ey ns (1951). Active salt and water uptake by isolated 

skin. Amer. J. Physiol. 164, 137-1 

Parratt, J. R. & Wust, G. B. (1957). J. 

potassium loss from erythrocytes d storage. J. Physiol 

Picxues, V. R. (1957). The effects of 5-h 
potassium through the isolated amphibian skin. J. Physiol. 135, 59-60 P. 

RzIp, sane (1890). Osmosis experiments with living and dead membranes. J. Physiol. 11, 
312- 


Sawyer, W. H. hme’ The effect of posterior pituitary extract on the permeability of frog skin 

to water. Amer. J. Physiol. 164, 44-48. 
Usstne, H. H. (1954). inorganic ions. In Active Transport and Secretion. 
(Symposia of the Society for Experimental Biology, no. VIII). Cambridge University Press. 
Ussinc, H. H. & K. a 951). 
in the short-circuited frog skin. Acta physiol. scand. 23, 110-127. 


> 
~ 
ra 
7 
‘ 
Z q 
he 
t 
a 
t 
4 
alg 
4 
ad 


J. Physiol. (1957) 138, 506-515 


THE RATE OF ACTION OF CALCIUM IONS 
ON THE CONTRACTION OF THE HEART 


By R. NIEDERGERKE 
From the Department of Biophysics, University College London 
(Received 16 April 1957) 


Calcium ions are known to facilitate the contraction of heart muscle (e.g. 
Niedergerke, 1956). The effect produced by a change in the external Ca 
concentration develops and subsides rapidly and may therefore be presumed 
to take place at the cell surface, yet quantitatively the rates of onset and 
decay appear to be too slow to be explained entirely by simple diffusion 
through the extracellular fluid spaces. It was of interest to obtain further 
evidence about the cellular localization of the Ca effect. For this purpose the 
rate at which the facilitating action develops or declines was compared with 
the rate at which labelled Ca ions are taken up by, or released from the tissue. 


METHODS 


Strips were dissected from a circular section of the wall of frog’s ventricle (Rana temporaria and 
esculenta) (Dale, 1932). The tissue was cut into cylindrical portions of a given diameter (varying 
in different strips from 0-4 to 1-1 mm) following as far as possible along the main direction of the 
fibres within the syncytium. Strips were only employed if the variations in diameter along the 
length did not exceed about 10%. In one experiment a thin auricle strip was used. Auricle strips 
can be dissected without causing excessive damage since regions can be found where the fibres 
run practically parallel. However, these strips, if in good condition, beat spontaneously at a 
fairly high rate (about 20/min) so that they are not entirely suitable for the present investigations. 
Apparatus, Ringer bath and the composition of Ringer’s fluid were similar to those described 
earlier (Niedergerke, 1956). 

Tracer method. Ca output was measured by a procedure similar to that used by Harris (1957) 
on the frog's sartorius muscle. Strips were immersed during the night in a “*Ca-labelled Ringer's 
solution. The tracer was then soaked out into a series of small volumes (1 or 2 ml.) of inactive 
Ringer's fluid. Strips were fixed with slight stretch on a holder made of thin stainless steel wire. 
1 ml. samples of the ‘soaking out’ fluid were dried on planchettes and counted with an end- 
window Geiger counter. In order to estimate the amount of labelled Ca remaining inside the 
tissue at the end of the ‘soaking out’ time, the tissue was transferred to a platinum planchett« 
and dissolved in concentrated nitric acid so as to spread the “Ca evenly over the area of the 
planchette. The residue was incinerated at 500° C. Before comparing the radioactivity of the ash 
with that of the dried portion of saline, a correction was applied to allow for the reduction due to 
absorption of radiation by the solid residue of the saline solution. The ash had negligible weight. 
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The correction factor (of 1-13) was found by measuring the activities of equal amounts of “Ca 
- dried with and without addition of 1 ml. Ringer’s solution. 

For the investigation of Ca uptake, tracer Sr added to Ringer’s fluid of norma! Ca concentration 
(1-2 mm) was used. The radioactivity of the tissue was measured by placing the strip at a fixed 
distance from the window of the Geiger counter. "Sr was preferred to ““Ca because its radiation 

the tissue more readily. The alternative use of **Sr for ““Ca appears justified (Niedergerke 
& Harris, 1957), though quantitatively some differences in the rates of uptake might exist. The 
uptake experiments were made by exposing strips to a solution containing a mixture of tracer 
Sr with a known concentration of Ca and measuring the radio-activity of the tissue at intervals. 
Before each measurement the strip was rinsed for 5 sec in inactive solution. In order to assess 
the radioactivity in unite of that of the soak solution a calibration factor was determined. This 
factor was obtained from the radioactivities of (a) the strip before it was ashed at the end of the 
experiment, (6) the ash of the tissue, and (c) 0-01 ml. of soak solution. Radioactivities of (6) and 
(c) were measured on planchettes of the same size and in the same position relative to the counter. 


| THEORETICAL 
Diffusion of calcium and its effect on contraction 

If the effect of Ca on contraction takes place at the cell surface, the rate of 
tension change could be directly related to that at which diffusion changes 
the average Ca concentration in the extracellular tissue spaces, as shown by 
the following considerations: 

Contractile tension, P, of a cylindrical strip can be expressed as the sum of 
the tensions exerted by cylindrical tissue shells of radius r, thus 


R 
p2nrdr, (1) 
0 


where R is the radius of the strip and 7 is the tension per unit cross-sectional 
area contributed by the shell of radius r. me 

On the other hand, the average Ca concentration [Ca] in the extracellular 
space of the strip is given by 


where [Ca,] is the Ca concentration in the extracellular fluid of the shell of 
radius r. Comparing equation (1) with (2) it is clear that the tension should 
change at the same rate as the average Ca concentration in the extracellular 
space, provided tension varies linearly with Ca concentration. A linear relation 
between contractile tension and external Ca concentration holds approxi- 
mately over a limited range of Ca concentrations, usually between 1 and 
2 mm (Fig. 1). If it is further assumed that an uptake, or loss, of Ca into, or 
from, the cells is slow compared with diffusion through the extracellular spaces, 
the rate of change of AP, the tension increment, should be given by the 
appropriate solution of the diffusion equation (Hill, 1928, equation (47)). 
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Diffusion through the extracellular tissue space 

This is known from studies on various tissues (Harris & Burn, 1949; Keynes, 
1954; Creese, 1954; Johnson, 1955) to be slower than in free solution, the 
diffusion coefficient being reduced to about one-quarter of the free solution 
value. This is probably due to mechanical obstruction by the closely packed 
cells and by connective tissue. If cellular structures take up or lose a substance, 
e.g. Ca, at a rate similar to that of extracellular diffusion, equilibration in the 
extracellular space will be slowed further and will, as a rule, not follow a simple 
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Fig. 1. Relation between Ca concentration in the Ringer bath and peak tension of isometric 
twitches. (Experiment with a strip of 0-55 mm diameter, presented semi-schematically.) 
(a) Peak tension of twitches, at equilibrium with various external Ca concentrations. The 
relation is approximately linear between I and 2 mm external Ca. ‘(b) Time course of the 
changes in peak tension when the external Ca is changed from 1 to 2 mM and vice versa. 


diffusion equation. The simple diffusion equation, however, may still describe 
the time course of extracellular diffusion if there is a reversible uptake of Ca 
on cell surfaces which is fast compared to extracellular equilibration and if 
exchange of intracellular calcium is relatively slow. The concentration of this 
“surface-adsorbed’ Ca, C, (expressed as an additional concentration inside the 
extracellular space), may vary approximately linearly with the concentration 


of freely diffusible Ca, C, particularly if the outside Ca concentration is changed 
only to a small extent. In this case 


C,=kC, (3) 


where k is an ‘adsorption’ coefficient multiplied by the ratio wiidbai area of 
the “adsorbing” tissue/volume of extracellular space). The diffusion equation 
for a cylinder will then have the form: 
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where D is the diffusion coefficient in the extracellular space, and by in- 
gerting (3): 

Ot (k+l1jror\ or)’ (4) 


Hence the rate at which the average Ca concentration in the extracellular 
space changes is determined simply by a diminished, ‘apparent’, diffusion 
coefficient, D’= D/(k+1). It may be noted that a change A [Ca] in external 
Ca concentration causes a transfer of Ca from the surrounding medium to the 
tissue by an amount, S, given by the expression 

(5) 
where V is the volume of the extracellular space. 


RESULTS 
The rate of exchange of calcium in heart tissue 

Fig. 2 shows the time course at which tracer Ca is lost from, and Sr taken up 
by, heart strips equilibrated with Ringer’s fluid containing 1-5 mm-Ca. In the 
experiment determining tracer loss, illustrated by Fig. 2a, a strip of 1-1 mm 
diameter had been exposed for 12 hr to “Ca-labelled Ringer’s solution. At 
‘zero’ time the strip was put into inactive Ringer’s solution. The amount of 
tracer Ca retained by the tissue is plotted against the time of ‘soaking out’. 
Tracer uptake, illustrated by Fig. 26, was determined with ™Sr-labelled 
solution. A strip of 0-8 mm diameter was exposed from ‘zero’ time onwards 
to the labelled solution. The amount of tracer in the tissue is plotted against 
the time of immersion in the labelled fluid. In the present context the im- 
portant feature of the curves in Fig. 2a and 6 is the amount of tracer lost or 
taken up during an initial period of, say, 30 min. The “Ca lost during the 
first 30 min is equivalent to 1-37 umoles Ca/g tissue wet weight; this corre- 
sponds to about 34 times the amount of Ca expected to be contained in 
the extracellular fluid, assuming the volume of the extracellular space to be 
25%, of the total tissue volume. On three other strips, previously equilibrated 
with 1-5 mm-Ca Ringer’s solution, the amount of Ca lost in 30 min was 
between 1-1 and 1-5 umoles/g tissue wet weight which is 3-4 times the amount 
calculated for extracellular fluid: Similarly, the amount of tracer Sr accumu- 
lated by the strip in 30 min (Fig. 25) is 5 times the amount expected to be 
present in the extracellular fluid when diffusion equilibrium has been reached. 
(This comparison excludes possible adsorption on extracellular material.) 

Evidence has been obtained showing that Ca loss and uptake are, within the 
range of 0-2 mm external Ca, practically independent of each other. This is the 
result of two types of experiment (E. J. Harris & R. Niedergerke, unpublished): 
(1) The effect of changes in external Ca concentration on the loss of tracer 
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‘Contamination’ 
(a) 


rN 


Labelled Ca in pmoles/g wet tissue weight 


10 20 30 40 50 6 70 8 WW = 100 
Time (min) 


in the extracellular tissue fluid 


10 20 3 #0 SO 
Time (min) 


Amount of ®Sr in units of the amount 
expected to be present at equilibrium 


60 70 8 9% 100 


Fig. 2. Tracer Ca (or Sr) movements between heart strips and Ringer's fluid. (a) Loss of tracer 


Ca from a strip of 1-1 mm diameter into a 1-5 mm-Ca Ringer’s fluid. Before ‘soaking out’, 
the strip had been exposed for 12 hr to a 1-5 mm “Ca-labelled fluid. Ordinate: labelled Ca 
in the strip in pzmoles/g wet tissue weight. Abscissa: time of ‘soaking out’. A maximum 
estimate of ‘contamination’ (i.e. labelled Ca attached to surfaces of the strip’s holder, etc.) 
has been obtained as follows: Ca-ions of the extracellular fluid space (excluding extracellular 
adsorbed Ca) have been taken to move with the time course of a simple diffusion process 
determined by a self-diffusion coefficient of 1-5 x 10-* cm*/sec. This corresponds on a strip of 
1-1 mm diameter to 50% exchange in 2 min (equation (27), Hill, 1928) and, if the extracellular 
space is assumed to be 25% of the strip’s volume, to an exchange of 0-19 wmoles/g tissue 
wet weight. ‘Contamination’ is then the amount of tracer released during the first 2 min 
minus 0:19 zmoles/g wet tissue weight. (b) Tracer uptake by a strip of 0-8 mm diameter. 
Strip was exposed from ‘0’ time onwards to a 1-5 mm-Ca Ringer’s fluid containing **Sr. 
Ordinate: amount of *Sr taken up by the strip in units of the amount which would be con- 
tained in the extracellular space having Sr at the same concentration as the external medium. 
(Extracellular space is assumed to be 25% of the tissue volume.) 
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Ca was studied and it was found that even when the external Ca was com- 
pletely removed the rate of tracer loss was little altered. (2) When tracer Sr 
_ uptake was measured in two steps (a) with 1 mm-Sr-labelled Ca for 30 min and 
(b) with 2 mm-Sr-labelled Ca for a further 30 min period (specific activities of 
the soak solutions being equal), the successive increments were nearly the 
_ same (within a factor of 1-2). 

These results indicate that the curves of Fig. 2a and b, in addition to showing 
the rate of Ca exchange, can be taken to represent approximately the time 
course of net movements of calcium when external Ca is added or withdrawn. 


Tas_E la. Time course of the loss of tracer Ca, and the decay in tension after reducing external 
Ca from 2 to 1 mm. (Diameter of the strips: 1-1 mm.) Final values taken as 100 


Time (min) “Ca loss Tension loss 


3 18 40 

6 31 56 
15 47 80 
30 61 95 
60 73 


Tasce 15. Time course of the uptake of tracer Sr, and the rise in tension after increasing external 
Ca from 1 to 2 mm. (Diameter of the strips: 0-8 mm.) Final value taken as 100 


Time (min) Sr uptake Rise in tension 


2 25 42 

5 39 65 
10 48 82 
17 58 93 
42 64 


It is interesting to compare this time course with that at which a change in 
external Ca alters contractile tension. For this purpose the percentage loss 
of tracer Ca and the percentage gain of tracer Sr, obtained from Fig. 2a and b 
respectively, are shown in Table la and b. Changes in tension due to altering 
external Ca from 2 to 1 mm and from 1 to 2 ma, respectively, were measured 
in different experiments, but on strips of the same size as those used in the 
experiments of Fig. 2a and b} (1-1 and 0-8 mm width). The tension change is 
expressed as percentage reduction (Table 1a) and rise (Table 16), respectively, 
of the final tension change. It is clear from this comparison that the Ca move- 
ments are slower than the changes in tension. On the other hand, a considerable 
fraction (50° or more) of the ultimate net loss or gain accompanies the 
tension change. 

As tracer movements were measured on resting strips while the tension was 
measured in response to stimulation, a control was carried out to see whether 
tracer movements are affected by stimulation. When an otherwise quiescent 
strip was stimulated for a 10 min period with 20 stimuli per min during tracer 
loss or uptake, no appreciable change in the rate of tracer movement was 
observed 
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The rate of changes in twitch tension due to variation of the 
external Ca concentration 

The simple hypothesis that diffusion through the extracellular tissue spaces 
determines the rate at which Ca ions change contractile tension has been tested 
as follows. First, it was investigated whether the effect of Ca has a time course 
which agrees with that given by a diffusion process. It was found that the rise 
and decay in tension increment AP (compare Fig. 1) could be fitted to the 
diffusion equation for average concentrations in a cylinder (equation (27), 
Hill, 1928). This fit was satisfactory only over a range of Ca concentrations in 


300 


Half-time (sec) 


8 
' 


005 Of Of5 02 025 03 £42035 
Square of radius (mm?) 


Fig. 3. Half-time of tension changes for strips of varying sizes, plotted against the squares of 
their radii. @, mean half-times for ventricle strips stimulated at 2-2 impulses/min. ©, mean 
half-time for an auricle strip stimulated at 21 impulses/min. Vertical bars show +8.pD. about 
the mean of several determinations of the half-time; horizontal bars show estimated maximum 
error (10%) of the radius; the dotted line shows variation of half-time with (radius)* for 
diffusion within a cylinder, calculated from D’ =0-063R*/t, taking D’ as 0-47 x 10~-* om*/sec. 


which AP/A[Ca] was approximately constant, which again is consistent with 
the hypothesis. However, a more decisive test is needed: if diffusion deter- 
mines the rate at which calcium alters contractile tension, the half-time of the 
tension changes should be proportional to the square of the diameter of 
different strips. In Fig. 3 the half-times, t,, obtained from strips of different 
sizes, have been plotted against the squares of their radii. It appears that the 
expected relation is obeyed to a first approximation. A diffusion coefficient, 
D’, has been derived from these data using the numerical solution of the 
diffusion equation for half saturation inside a cylinder: 


Dy 
Re = 0-063. 
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; The apparent diffusion coefficient (D’) has an average value of 0-47 x 10-*em?/ 
_ gec (range 0-32-0-7), and using this value the straight line in Fig. 3 has been 
_ drawn. D’ is thus only 7, of the coefficient in free solution, and about } of 


what might have been assumed to hold for diffusion in the extracellular space. 
(The coefficient of self-diffusion of labelled Ca*+ ions in aqueous 10 mm and 


70 mm-CaCl, solution at 25° C has been determined to be about 7-8 x 10-* em?/ 


sec (Wang, 1953).) 


Two phenomena are worth mentioning in this context: (a) Sometimes, when the immediate 
changes in tension were over in about 10-30 min, depending on the diameter of the strip, slower 
changes became apparent. A slow decline in tension was more frequently observed than a rise in 
tension. The half-time of these changes was 30 min or more; (b) probably related to these slow 
changes is the fact that the ‘final’ peak tension depended on the way in which a given Ca con- 
centration was attained. Thus, if the Ca concentration was reduced from a high initial level, 
tensions were higher than when Ca concentration was raised from a lower level. The slow changes 
in tension are of interest since they may possibly be related to tracer Ca movements which are 


_ geen after the initial ‘fast’ phase (about 30 min) is over (see Fig. 2). 


DISCUSSION 


_ Two observations provide a clue about the region of the heart cell in which 
- Ca ions act. First, it was found that the relative rate at which Ca moves 


between heart tissue and the surrounding fluid is slower than that at which it 
changes contractile tension. Nevertheless, a substantial fraction of the Ca 


_ movement goes on while the tension changes. The.second finding is concerned 


with the time course of the effect. The half-time of the tension change in- 
creases approximately in proportion to the square of the radius of the strip. 


_ This would be expected if diffusion of Ca ions through the extracellular tissue 


spaces determines the rate of the tension change. However, the ‘apparent’ 
diffusion coefficient, obtained from this observation, is about 4 times smaller 


than the expected diffusion coefficient of Ca in the extracellular space. This 


result can be explained (see Theoretical section) if some Ca is readily taken up 


__ by, or lost from, a superficial layer of the tissue. Another indication for such 


a mobile depot of tissue Ca may be seen in the quantity of tracer which 
exchanges during the first 30 min of a loss or uptake experiment (Fig. 2a and 6). 


The amount of Ca which is transferred from the tissue to the surrounding fluid, 


or vice versa, while the tension alters should, according to this explanation, 


_ be given by equation (5), i.e. by the amount transferred from a volume equal 
to that of the extracellular space multiplied by D/D’, the quotient of extra- 


cellular and apparent diffusion coefficients. The value for D/D’ of about 4 
obtained from the data shown in Fig. 3, agrees well with the amount of tracer 
transferred during the initial 30 min (Fig. 2), which is roughly 4 times the 
expected extracellular Ca. It might be questioned whether this quantity of 
mobile tissue Ca is really concerned with the facilitating action of Ca on con- 
traction or whether it is largely an amount attached to passive fibre structures, 
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such as damaged fibre parts, connective tissue, etc. The latter possibility is 
supported by the observation (Gilbert & Fenn, 1957) that damaged fibres 
cause the observed rates of Ca uptake and loss of a whole muscle to increase. 
On the other hand, it has been observed (Niedergerke & Harris, 1957) that 
heart tissue takes up a considerable amount of Ca at a constant external Ca 
concentration when Na ions are replaced by other cations or when K ions are 
withdrawn from Ringer’s fluid. Both are conditions associated with increased 
contractility. These observations suggest that at least part of the mobile 
tissue Ca is connected with the activation of contraction. It may finally be 
recalled that the outcome of the present results has much in common with 
earlier suggestions in the literature, viz. that the action of Ca ions on the heart 
resides in a superficial region of the cells (e.g. Boehm, 1914; Maclean & 
Hastings, 1934; Loewi, 1955; Niedergerke, 1956). 


SUMMARY 


1. The hypothesis has been put forward that Ca ions facilitate contraction 
of the heart by an action on the cell surface. To test this, the rate at which 
a change in external Ca concentration alters contractile tension was deter- 
mined and compared with the rate at which tracer Ca exchanges between 
tissue and the surrounding fluid. 

2. The two main findings are: 

(a) Changes in tension due to an altered external Ca concentration are faster 
than corresponding net- movements of Ca between tissue and surrounding 
medium. However, an appreciable fraction of the net movement of Ca (more 
than 50%) takes place while the tension rises or decays. 

(6) The time course of the tension change can be fitted by an equation 
desoribing the diffusion process through the extracellular tissue space, but the 

‘apparent’ diffusion coefficient obtained in this way is about 4 times smaller 
than would be expected for the interstitial fluid. 

3. It is possible to explain both findings on the assumption that a certain 
quantity of Ca is taken up reversibly by a superficial layer of the heart tissue 
while the tension changes. The explanation is in good agreement with the 
quantity of mobile tissue Ca found in tracer experiments, this being about 
4 times greater than the amount attributable to the extracellular fluid. 


I am greatly indebted to Dr E. J. Harris for his generous help and advice, My thanks are also 


due to Professor B. Katz for helpful criticism of the manuscript and Dr R. E. Taylor for his 
collaboration during the initial stages of this work. 
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A comparison of a venous occlusion plethysmograph with a velo- 
dyne flowmeter on a model. By G. 8. Dawes and Joan C. Morr. 


ap The Nuffield Institute for Medical Research, University of Oxford 


_ Method of recording transport of fluid during peristalsis by isolated 
guinea-pig’s ileum. By and R. C. Y. Lin. Depart- 
ment of Pharmacology, University of Oxford 


Apparatus for stimulating the cat’s eye with known amounts of 
light energy while recording electrically from the C.N.S. By 
Vateriz B. Morris and M. H. Prrenne, University Laboratory of 


Physiology, Oxford 
_ William Harvey and the circulation of the blood. By H. H. Dats, ox 
M. pe Buren Daty and L. G. Goopwin. Department of Physiology, 
University College London (Film) as 
‘ipa: 


_A modified Gibson gas analysis apparatus for class use. By 
G. W. J. A. and H. Satter. Department of 
Physiology, University of Leeds 


In the simple gas analysis apparatus described by Gibson, Greenfield & 
_ Thompson (1953) the gas sample was injected into the absorbent by means 
- of a 10 ml. syringe. To obtain greater accuracy and consistency of results an 
injection unit has been designed. 
The injection unit is washed out with the gas to be analysed. A final sample 
is drawn through the short side-arm of a two-way tap into a bulb of about 
10 ml. capacity (2) by use of the mercury reservoir (1). The mercury meniscus 
\geeie'taken to below the mark (A). The two-way tap is then turned through 180° 
“and, with the bottom tap (3) closed, the mercury is brought to the mark (A) 
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by means of the screw clip. The no. 19 needle (4) on the other arm of the upper 
tap is then inserted through the rubber of the absorption pipette (5) and the 
gas expelled by bringing the mercury to just below the mark (B) and, finally, 
with the bottom tap closed, adjusting to this mark with the screw clip. 

The volume of gas remaining after absorption of CO, by KOH (sp.gr. 1-3) 
or CO, and O, by alkaline pyrogallol (10%, w/v, solution of pyrogallic acid 
in KOH of sp.gr. 1-3) is read off, allowing 3 min for drainage. All volumes are 
read after levelling the menisci in the two tubes of the absorption pipette by 
reference to the horizontal lines on the backboard of the apparatus. The KOH 


i 


lie ® e068 e 60 


012 3 4in. 


absorption pipette has a 5 ml. capacity bulb at the top to increase the accuracy 
of reading over the calibrated portion of the stem. 

The KOH and pyrogallol pipettes are ‘paired’ during a preliminary calibra- 
tion using O,-free N,. The student determines the volume of gas delivered by 
the injection apparatus by drawing a sample of room air into the bulb through 
a soda-lime tube (6) and delivering this into the KOH pipette. This is repeated 
several times during the course of an experiment. 

In practice the means of three estimates for both CO, and O, are found and 
the total time for the determinations is about 20 min. Gas samples are 
collected in small rubber football bladders of about 400 ml. capacity. Charts 
to show the accuracy achieved and comparison of results using this apparatus 
and the Haldane apparatus in student hands will be demonstrated. All types 
pes ia gas samples including those with a high oxygen content can be 


REFERENCE 
Gibson, Q. H., Greenfield, A. D, M. & Thompson, I. D. (1953). J. Physiol. 122, 7-8 P. 


Pa 
Recc 
The 
rupt 
This 
labo 
| == : 
| | BCC 
5 5 an 
clat 
in 
act 
am 
3 A 
T 
A 
u 


SOCIETY, 19-20 JULY 1957 8P 


Parturition in the rabbit induced by oxytocin. By A. R. AkrsTEr and 
B. A. Cross. Department of Anatomy, University of Cambridge. (Film) . 


Recording spontaneous activity in monkeys by a photo-electric 
method. By J. Coxz, B. F. Dickson, W. G. H. Jonnson, R. H. Kay 
and R. H. Tear. University Laboratory of Physiology, Oxford 

The spontaneous activity of a monkey is studied from recordings of the inter- 

ruptions of an infra-red light beam by the animal’s ambulatory movements. 

This method involves the minimum of interference with the monkey and its 

laboratory environment. 

A commercial infra-red burglar alarm (lightsource-photocell-relay) has been 
suitably adapted and visible light has been reduced to negligible proportions 
by covering the light source with a Chance OX5 glass filter. 

Each interruption of the light beam energizes both an array of thirteen 
post-office counters and a pen recorder. One counter displays the total activity 
and is energized by every interruption of the light. Twelve other counters 
record the activity during each of 12 hr, the count being switched to the 
succeeding counter at the end of each hour by an impulse relay controlled by 
an electric clock movement. The pen recorder operates continuously so that 
the numerical data from these counters are supplemented by an easily appre- 
ciated time-pattern of the activity on the inked record. The counters and 
recorder can be sited at a distance from the monkey’s cage and are normally 
in a separate room so that clicks from the display system do not stimulate 
activity. | 

Some early records have been reported in a study of the effects of amphet- 


_ amine and methyl-phenidate (Ritalin) on monkeys. 


REFERENCE 
Cole, J. & Glees, P. (1957). J. ment. Sci. 108, 406-417. 


_ An apparatus for studying the stretch reflex by applying slow 


stretches. By Prrer B. C. Matrnews. University Laboratory of 
Physiology, Oxford 


The enzymatic estimation of L({ + )-lactic acid. By Junz N, Barker* 
and H. G. Brirron. Department of Physiology, St Mary’s Hospital 
Medical School, London, W. 2 

A method of estimating L-lactic acid was described by Horn & Bruns (1956), 


using muscle lactic dehydrogenase which is specific for the reaction 


CH,CHOH.COOH +DPN* CH,.CO.COOH + DPNH + Ht. 


* Fellow of the Life Insurance Medical Research Fund, New York. 
a2 
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The DPNH formed was measured spectrophotometrically. To facilitate the The 
reaction, a highly alkaline medium (0-2 m glycine buffer, pH 10-10-5) was 
employed, and 1-0m semicarbazide added to trap the pyruvate formed. In 
applying this method to multiple estimations difficulties were encountered, 
notably : (1) the addition of enzyme dissolved in saturated ammonium sulphate 


caused changes in the optical density of the DPN* due to the decrease in pH; % 
(2) 1-Om semicarbazide inhibited the enzyme and also gave a high optical Biss 
density with the DPN* solution; and (3) the optical density of the DPN*+ owe 
slowly increased in alkaline solution. The following modifications were there- bi 
fore made: (1) the buffer strength was increased ; (2) the semicarbazide con- ihe 


centration was reduced; and (3) blanks were run under the same conditions as 
the test solutions. 

The reagents were prepared as follows: (1) Buffer solution: 0-6m glycine 
(Analar grade) and 0-1 m semicarbazide (recrystallized from aqueous alcohol) 
freshly prepared and accurately adjusted to pH 10-1 with sodium hydroxide. 
(After addition of the other reagents, the pH is reduced to 9-8-9-9.) (2) DPN* 
solution: 20 mg 75% DPN* (Boehringer) per ml. distilled water. (3) Crystalline 
lactic dehydrogenase suspension, 5 mg/ml. in ammonium sulphate solution 
(Boehringer) diluted 1:1 with water immediately before use. 

Two ml. aliquots of buffer were pipetted into cuvettes and 0-1 ml. of the 
deproteinized extracts, containing not more than 30 yg lactate, added with 
wash-out pipettes. Blanks and standards were also set up. Each cuvette was 
then taken separately, 0-2 ml. DPN*+ solution added, the optical density of the 
solution determined, and 0-04 ml. enzyme added. After 50 and 70 min at room 
temperature (23° C), the optical densities were again determined. The change : 
in optical density was then found and corrected for the blank change. . 

The optical densities were read at 366 or 340 mp and the lactate contents | 
calculated by using the corresponding extinction coefficients of 3-3 x 10° cm? = 
and 6-22 x 10* mol.-! for DPNH (Hohorst, 1957; Horecker & 

Kornberg, 1948). Standards were run routinely to ensure that adequate | 
enzyme activity was present. For this purpose, zinc L-lactate is suitable. 
Commercial pi-lactic acid and its salts are not always racemic. 

Deproteinization of blood was effected with 6 %, perchloric acid in proportions 
of 1:1 or 1:2 parts of perchloric acid. 

All glassware must be scrupulously clean and, if it has been treated with 
chromic acid, washed with alkali. With these precautions duplicates agree 
within less than 3%. 

REFERENCES 
Hohorst, H. J. (1957). Biochem. Z. (in the Press). 


Horecker, B. L. & Kornberg, A. (1948). J. biol. Chem. 175, 385-389. 
Horn, H. & Bruns, F. H. (1956). Biochim. biophys. acta, 21, 378-380. 
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The demonstration of changes in the cardiac output in exercise 
by the method of Douglas and Haldane. By D. P. G. Botton, 
D. J. C. Cunntnenam, E. N. Hey and B. B. Luoyp. University 
Laboratory of Physiology, Oxford 
The bags supplying gases in the original method (Douglas & Haldane, 1922) 
are replaced by rotameters, a demand system and a two-to-two straight- 
channel low-resistance tap leading to a respiratory valve. The respiratory 
manoeuvres by the subject remain unchanged, but the two alveolar gas 
samples obtained with each gas mixture are trapped in alveolar air tubes by 
means of a one-to-three tap attached to the respiratory valve, and their CO, 


pressures determined immediately with a flow-bridge CO, analyser; the results 
determine the composition of the next inspired gas mixture. The pCO, of 
‘oxygenated venous blood’ is thus obtained with less delay than in the original 
method. The ‘arterial’ pCO, is thus obtained by taking the mean of several 
Haldane & Priestley alveolar air samples and the CO, output by the Douglas 
bag method, all estimates of CO, being done with the flow-bridge analyser. 


TaBLeE | 
CO, output (ml./min) | 185 1300 2120 3060 
Alveolar pCO, (mm Hg) 42-1 47-2 47-7 45-7 
*Oxygenated venous’ pCO, (mm Hg) 51 71 74 74 
Arteriovenous difference for CO, (ml./I.) 37 87 97 103 
(from a dissociation curve) 
Cardiac output (l./min) 5 15 22 30 


The results in Table 1 were obtained inside 2 hr on one subject at rest and 
at three levels of work on the treadmill. The method provides a valuable means 
of demonstrating changes in the cardiac output in exercise to a class of under- 
graduates. Most of the components of the apparatus have been described 
elsewhere (Cunningham, Cormack, O’Riordan, Jukes & Lloyd, 1957). 
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A technique for studying the effects of drugs on monkeys subjected 
to hypothermia. By W. Biumer,* R. Bryce-Smita, J. Cote, 
H. Erstern, and P. Guees. Laboratory of Physiology and Nuffield 
Department of Anaesthetics, University of Oxford 


A monkey is anaesthetized with ethyl chloride and ether, intubated and 
attached to the Oxford Inflating Bellows so that respiration can be manually 
controlled. A Mitchell needle is put into a leg vein and a short length of rubber 
tubing is attached whose dead space is about 1 ml. Anaesthesia is continued 
either with ether or intravenous Nembutal. 

Three steel needles inserted into the skull to act as epidural EEG-electrodes 
are placed over each hemisphere in the frontal parietal and occipital regions. 
A six-channel Edison electroencephalograph is used, one channel being fed by 
chlorided silver electrodes on the hands to record the electrocardiogram. 

Body temperature is registered on a Cambridge Instrument Co. Skin 
Temperature meter using a thermocouple inserted 10 cm through the anus. 

The fully anaesthetized monkey is placed in a cold water bath supported 
under the chin and chest. Ice is added to the water to keep it around 14° C and 
the animal’s temperature reduced to 21°C. At the end of an experiment the 
water can be heated to 38° C to rewarm the animal. 

By using the Mitchell needle drugs can be given intravenously without 
removing the animal from the bath. Respiratory minute volume is measured 
with 4 low resistance flow-meter attached to the Oxford Inflating Bellows. 

The work is aided by a grant from the M.R.C. 


A rapid purification of irin and the use of the hamster colon for its 
assay. By N. Ampacue. Medical Research Council Ophthalmological 
Research Unit, Institute of Ophthalmology, Judd Street, London, W.C.1 


Atropinized golden hamster ascending colons are sensitive to irin, crude and 
purified by electrophoresis or partition, detecting (see Fig. 1) the equivalent 
of 1-2 mg rabbit iris. Advantages over the more sensitive rat colon are: 
(1) assays can begin } instead of > 1 hr after suspension; (2) quicker relaxation, 
allowing faster assays; dose intervals 4-6 min.; (3) spontaneous activity is 
negligible; (4) the atropinized muscle is insensitive not only to acetylcholine, 
* M.R.C, Scholar. 
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but also to 5-hydroxytryptamine (Fig. 1), eliminating the need for lysergic 
acid diethylamide (LSD). With LSD, preparations are insensitive to histamine; 
5-20 ng produce small contractions not proportional to the dose. 

Irin is thermolabile. Extracts, = 100 mg/ml. in 0-02% NaHCO,, are no 
longer heated initially but are stood 1-2 days at —15° C, to precipitate impuri- 
ties, and re-centrifuged. They are rapidly purified by adding 1 vol. anaesthetic 
ether and then 0-005-0-012 ml. n-HCl/ml. The separated ether phase, 


iris=mg 455 4° 4 36 #5 42 
Fig. 1. Two hamster colon preparations (5 ml. baths, atropine 10’): (1) Effects of = 1-5 mg crude 


iris extract and 5-hydroxytryptamine (5-HT); 35° C; (2) Assay, at 30-5° C, of E <irin purified 
by partition into ether at pH 2-8] against standard (St) of original unpartitioned extract. 


evaporated to a residue, is re-constituted in de Jalon’s fluid. Recoveries per ml. 
ether: 66-90% at pH’s 4-09-2-81 (Fig. 1). This purification (about 1000 to 
3300 x ) is an improvement on the laborious acetone-process and re-extraction 
used hitherto. 

On precipitating extracts with Pb acetate (final 0-17—1%), irin was absent 
from precipitates (H,S-treated) but extractable from supernatants with ether. 
PbAc applied to chromatogram-origins did not prevent irin ascent to Ry 0-9 
in methyl ethyl ketone—diethylamine-water (60 +3 + 20). 

Irin was not destroyed by excess alkaline phosphatase. 

Unlike simple fatty acids irin was destroyed by n/10 NaOH at room 
temperature (60°, or more in 3-4 hr). 

Colour tests on electrophoresis papers and infra-red spectra of various 
residues (courtesy Mr E. M. Bradbury) will be shown. _ 
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A method for separating glomeruli from the kidney. By W. E. Coox 


and G. W. Picxertne. Department of the Regius Professor of Medicine, 
Radcliffe Infirmary, Ozford 


Extraction and detection of poppy alkaloids. By 8. A. E. Haxim. 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(1) Sanguinarine and dihydrosanguinarine are the only two alkaloids found 
in Argemone seed-oil, 

(2) The numerous iso-quinoline alkaloids are distributed in nearly 700 
species of poppy-fumaria weeds growing in most parts of the world. 

(3) These alkaloids are poorly characterized in the literature, as they are 
difficult to detect and have abnormal solubilities and reactions. They are best 
identified by their ultra-violet spectra, striking fluorescent colours under 
u.v. radiation, Ry values in paper chromatography and migration relative to 
berberine in electrophoresis. 

(4) Alkaloids can be separated, by dialysis at. the (mean) iso-electric pH of 
milk proteins, from the milk of goats ingesting Argemone leaves. 

(5) The dialysate is reduced in vacuo, acidified with acetic acid and con- 
tinuously extracted with chloroform. It is then made alkaline with sodium 
hydroxide and re-extracted first with chloroform and then with ether. 
Different alkaloids are specifically extracted by this process. 

(8) The extracts are concentrated and examined by paper chromatography 
(butanol-acetic acid solvent) and by paper electrophoresis (paper moistened 
with 10% formic acid and submerged in carbon tetrachloride, current 
1000 V 4-10 mA 5 hr). The striking fluorescent colours and positions of the 
various alkaloids are compared with those of standards. 

(7) Thirty-five species of dried poppy weeds all show beautiful fluorescence 
in u.v. light, partly because of their alkaloids. Some have been extracted and 
identified by paper chromatography. 


A histological comparison between the cerebellum of frog and cat. 


By C. Parson and A. G. Smita. University Laboratory of Physiology, 
Oxford 


Massive carriage for micro-electrode experiments on central 
nervous system. By C. G. Puiturps and T. A. Wricut. University 
Laboratory of Physiology, Oxford 


Ex) 


The 
Mu 
Se 

lir 

Ww 

al 

fo 

ar 

a 

| 

j 


SOCIETY, 19-20 JULY 1957 9P 


c The effect of Ca ions on the action of the sympathetic nerves on the 
isolated perfused heart of Rana esculenta. By Jean BaANisTER 


and C. Warr. University Laboratory of Physiology, Oxford 


Muscle spindles in mammalian muscles of differing function. By 
Sypit Cooper. University Laboratory of Physiology, Oxford 


Experimental arrangement for sampling blood from various 
regions in an animal metabolizing radioactive carbon. By 
R. V. Coxon and R. J. Roprnson. University Laboratory of Physiology, 


Oxford 


Sensitivity of the foetal cardiovascular system to adrenaline. By 
G. 8. Dawes, J. J. Hanpier and Joan C. Morr. Nuffield Institute for 
Medical Research, University of Oxford 


Dornhorst & Young (1952) reported that the dose of adrenaline or noradrena- 
line required to cause a rise of blood pressure in foetal rabbits and guinea-pigs 
_ was twenty times the adult dose weight for weight; there was seldom any a. 
alteration in heart rate. Young (1956) has implied that the circulation of the , 


foetal lamb is also relatively insensitive to adrenaline. However, Dawes, Mott i 
& Rennick (1956) observed that injections of comparatively small doses of St 
adrenaline and noradrenaline caused substantial circulatory changes in foetal ae 
lambs. We have therefore re-investigated the effect of adrenaline in the foetal 
and adult rabbit. 


Foetal rabbits were delivered by Caesarean section under barbiturate anaes- 
thesia from 24 days’ gestation age onwards (term 30 days). The blood pressure 
was recorded from a carotid artery: with a-condenser manometer and all 
injections were given into an external jugular vein. 0-01 yg adrenaline regu- 
larly caused a rise of blood pressure in 50 g foetuses. The sensitivity of the “ 
foetus, judged by the percentage increase of blood pressure, was equal to that 5 
of adult rabbits, though as the initial blood pressure was low, the absolute rise 4 
of pressure was small. Changes in heart rate were also observed. Whereas 
injections of adrenaline caused a fall of heart rate in adult rabbits, they almost 
invariably caused a rise of heart rate in foetal rabbits. The direction of the 
change in heart rate was related to the absolute level of the blood pressure 
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attained after an injection of adrenaline. We therefore conclude that the 


sensitivity to adrenaline of the cardiovascular system of the mature foetal 
rabbit is comparable to that of the adult. 


REFERENCES 
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Electronic recording of the activity of the perfused frog heart. 
By I. A. Boyp and W. R. Eapre. Institute of Physiology, University of 
Glasgow and The Boyd Research Institute, Glasgow 


A technique has been developed for continuous recording of the rate, output, 


arterial and venous pressures of the perfused frog heart, on a four-channel 


direct-writing recorder. The heart is perfused through a glass cannula inserted 
in the inferior vena cava in the abdomen. The heart is exposed by removal of 
the sternum, the pericardium being left intact. A small pericardial effusion 
usually develops and moistening of the heart is unnecessary. Both aortae are 
cannulated, the combined outflow passing through an artificial peripheral 
resistance of drawn glass tubing. The drops emerging short two metal plates 
resulting in electrical signals which an integrating counter converts to a 
continuous reading of cardiac output. The pressure of the fluid entering the 
heart is measured by the induction-type manometer previously demonstrated 
(Boyd & Eadie, 1957). A small mercury manometer, connected between aortic 
cannulae and peripheral resistance, forms part of a capacitance system. Move- 
ments of the mercury column produce a change in capacitance which is 
measured by a Proximity Meter; the electrical output provides a record of 
arterial pressure, and the fluctuations with each heart beat trigger an inte- 
grating counter giving the heart rate. 

Using this technique the heart will beat satisfactorily for several days. If the 
venous pressure is controlled to within +0-25 mm of water of an optimum 
value (between 10 and 25mm of water), the preparation is very stable, 
variations in arterial pressure, rate and output being less than + 2° over an 
hour or more in most cases. A change of 1 mm of water in the venous pressure 
may produce a change of up to 15% in arterial pressure and output. The effect 
of a series of changes in venous pressure, in 5 mm steps, on one preparation is 
shown in Fig. 1. 


REFERENCE 
Boyd, I. A. & Eadie, W. R. (1957). J. Physiol. 187, 5 P. 


a 


4 


SOCIETY, 19-20 JULY 1957 


fi 


+ 


od 

? 

- 


x 


5040713020 1050 50.40.3020 


recording of the effect of changes in venous pressure, in 5 mm steps, on the rate, output 
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and arterial pressure of a perfused frog heart. 
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The action of 5-hydroxytryptamine (5-HT) on peristalsis. By 
Epira Biterrne and R. C. Y. Lin. Department of Pharmacology, 
University of Oxford 

The peristaltic reflex evoked by distension was studied by recording the 
pressure inside and by measuring the transport of fluid through isolated loops 
of guinea-pig’s ileum. It had recently been found that the reflex was abolished 
by removal of the mucous membrane and also by cocaine 10-*, when this was 
introduced into the lumen of the intestine (Biilbring, Lin & Schofield, 1957), 
but that in these conditions the response to nicotine remained intact. These 
results suggested that the sensory receptors registering the distension were 
situated in the mucosa and that the reflex was abolished by removing or by 
blocking these sensory endings. Moreover, Schofield (1957) showed that the 
sensory fibres in the intestine terminate in the mucosal layer, that there are no 
specialized endings in the muscular coats, and that the small intrinsic mucosal 
fibres arise from neurons in the submucous plexus which seems to be mainly 
sensory. 

The mucous membrane is known to be rich in 5-HT which is believed to be 
produced by the argentaffine cells in the epithelium. Kosterlitz & Robinson 
(1957) and Ginzel (1957) reported that 5-HT depressed or abolished the peri- 
staltic reflex of the guinea-pig’s ileum when it was added to the bath in 
concentrations of 10-* to 10-5, acting on the outside of the isolated loop. We 
have now found that introduction of 5-HT into the lumen of the intestine 
stimulated peristalsis in concentrations from 10-* to 10-5. The threshold of the 
pressure required to elicit peristaltic waves was lowered, the contractions were 
more frequent, and a larger volume of fluid was propelled. Low concentrations 
of 5-HT administered to the outside never increased peristalsis; high concen- 
trations inside never abolished peristalsis. 

Small amounts of 5-HT (0-1-0-2 yg in 30 min) were found to be released into 
the fluid flowing through the intestinal lumen of an isolated loop of intestine. 
These amounts were doubled when the fluid was actively propelled and they 
were sometimes further increased in the presence of Marsilid (1-isonicotiny]- 
2-isopropylhydrazine). The amount of 5-HT appearing in the effluent was 
increased 10-20 times if 5-hydroxytryptophane was also present in the solution 
passing through the lumen; at the same time peristaltic activity was increased. 

These results indicate that 5-HT may act by sensitizing the sensory receptors 
in the mucosa which trigger the reflex, and that the formation of 5-HT by the 
intestinal mucosa may be part of the physiological mechanism required for 
peristalsis. 
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Experiments on the site of action of a choline acetylase inhibitor. 
By J. E. Garprver. Department of Pharmacology, Royal College of 
Surgeons of England Examination Hall, Queen Square, London, W.C. 1 

MacIntosh, Birks & Sastry (1956) showed that the toxicity of a ‘hemicholinium’ 

compound (Schueler, 1955) is due to inhibition of acetylcholine synthesis. The 

substance HC3 (compound no. 3, Schueler, 1955) when present in low concen- 
tration (10~-* to 10-°m) greatly reduced (90-75%) the production of acetyl- 
choline by the superior cervical ganglion of the cat, or by minced mouse brain 

(Mann, Tennenbaum & Quastel, 1939). The inhibition was reversed if choline 

were added (10-° to 10-*m). Much weaker inhibition was found (50% with 

HC3 10-*m) with a choline-acetylase preparation from acetone-dried powder 

of rat brain. 

These findings have been confirmed with mouse and guinea-pig brain minces 
and extended to the choline-acetylase activity of fresh suspensions of guinea- 
pig brain in 0-25m sucrose; before and after solvent treatment (Hebb & 
Smallman, 1956). 

With guinea-pig brain mince, HC3 (10-*m) reduced the AcCh formed in 
44 hr from 55 n-mole/g wet wt. to 9 n-mole/g wet wt. 

‘Homogenates’ of guinea-pig brain (1:10, w/v, 0-25m sucrose) were centri- 
fuged for 10 min, 800 g, 0° C to remove all cell debris and nuclei; further 
centrifugation to isolate a mitochondrial fraction was performed in some cases. 
To part of the suspension redistilled ether (0-2 ml./ml.) was added; both 
portions were kept for 20-30 min at 0°C, bubbled with N, for 2 min at 37° C 
and their enzymic activities then compared in various media. 

The activation following solvent treatment described by Hebb & Smallman 
(1956) was observed. Inhibition by HC3 of either preparation was not found 
unless the concentration of choline was low. With the untreated preparation 
HC3 (10-*m) in the absence of added choline reduced the amount of AcCh 
produced by 30-50%, in the presence of 2-5 x 10-°m choline, by only 10-20%. 
Activation, often considerable (50-90°%) was found under similar conditions 
with the ether-treated suspensions. The degree of inhibition or activation 
depended in part upon the additions made to the system. No inhibition was 
found of the low endogenous synthesis of AcCh shown by propetetoss to 
which only a cholinesterase inhibitor (TEPP) has been added. 

The action of HC3 on AcCh formation is thus shown to be weakened by 
treatments which disrupt the organization of a tissue. Intracellular material, 
prepared by methods normally preserving labile enzymic activities, is only 
weakly inhibited and this effect is abolished by treatment to disorganize the 
mitochondria. The absence of action on endogenous AcCh production and on 
solvent-activated preparations supports the idea that choline-acetylase itself 
is not affected by HC3, but that the compound acts on the systems transport- 

ing choline into the cell and into the mitochondrion. 
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Catecholamines in the sympathetic system following injections 
of reserpine. By E. Muscnout and Marrue Voct. Department of 
Pharmacology, University of Edinburgh 

In a previous communciation to this Society (Muscholl & Vogt, 1957), it was 

reported that reserpine causes a loss of noradrenaline from the superior cervical 

ganglion of the rabbit; this loss can be so great as to abolish the response of 
the eye to electrical stimulation of pre- and post-ganglionic fibres. The work 
has now been extended to other species and a survey has been made of the 
effect of reserpine on the different sympathomimetic amines in pre- and 
paravertebral ganglia, and in post-ganglionic adrenergic fibres. In view of 
differences in the response to reserpine. of the innervated and the denervated 
adrenal medulla (Holzbauer & Vogt, 1956), the effect of sectioning the pregan- 
glionic fibres on the response of sympathetic ganglia has also been examined. 
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The relation between the stretch reflex and the electrical and 
mechanical rhythmicity in human voluntary muscle. By 
O. C. J. Lippotp, J. W. Reprearn and J. Vuto. Department of 
Physiology, University College London 

Frequency analysis. of the mechanical records of physiological, neurotic, 

emotional and fatigue tremors and of shivering due to cold, shows a peak of 

activity at about 9 c/s. Concomitant modulation of the intensity of activity 

occurs in the electrical records. 

The source of this rhythmicity could be either in the spinal cord, in the stretch 
reflex or in the mechanical properties of the muscle. It is unlikely to be purely 
in the muscle (as distinct from the stretch reflex) because: (a) adding weights 
to a limb does not alter the peak frequency (Halliday & Redfearn, 1956); 
(b) the rhythm occurs at the same frequency in muscles of widely different size 
throughout the body; and (c) stimulation of the muscle through its nerve at 


increasing frequency shows progressive smoothing of the mechanical response 
without any increase in tremor at 9 c/s. 
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It should be possible to choose between the central and the stretch reflex: 


hypotheses by altering peripheral conditions affecting the stretch reflex alone. 
It was found that cooling the muscle slowed the rhythm, while warming it or 
stretching it in certain circumstances, increased the frequency. These effects 
may be ascribed to alterations in the physical properties of the muscle changing 
the interval between an external or internal disturbance and the reflex response 
to it. In view of the fact that cooling lengthens the twitch time very consider- 
ably without greatly altering reflex time, this additional delay must be largely 
mechanical in origin. 

From this evidence it is clear that the stretch reflex plays a big part in 
determining the frequency of the rhythm. 
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Hypothalamic lesions in parabiotic rats. By G. R. Hervey. Medical 
Research Council Department of Experimental Medicine, University of 
Cambridge 

It is now well known that many mammals become obese after bilateral lesions 

in the region of the ventromedial nuclei of the hypothalamus (Brobeck, 1946). 

An attempt has been made to investigate the mechanism underlying this effect, 

using rats joined in parabiosis. Pairs of rats have been united when about four 

weeks old. A permanent cross-circulation develops. The rate of exchange of 
blood has been measured with the dye Evans Blue, and has been found to be 
of the order of 1 °/, of one animal’s blood volume per minute. When the animals 
have passed the stage of rapid growth, bilateral electrolytic lesions have been 
placed in the hypothalamus of one member of some pairs. Theanimals were killed 
some time later, and the amount of fat in their bodies measured by extraction 
with petroleum ether after drying to constant weight in an oven. Observations 
have also been made of the intake of food before and after the hypothalamic 
operation. Ten pairs with successfully placed lesions have been studied. These 
have been compared with ten normal pairs and ten normal single animals, 
which were of comparable ages and were litter-mates whenever possible. 
The parabiotic rats did not grow as large as unpaired rats, though they 
appeared to be otherwise healthy, and their bodies contained only about half 
the proportion of fat found in unpaired animals. The two members of a pair 
contained nearly equal percentages of fat. When effective lesions had been 
placed in the hypothalamus of one member of a pair, the animal with the 
lesions became hyperphagic and obese in the same way as unpaired animals 
with hypothalamic lesions. The unoperated partner did not put on fat. It 
appeared to lose weight, and at death its body contained less fat than an 
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animal in a parabiotic pair of which neither member had been subjected to 
hypothalamic lesions. 

If the unoperated member of the pair continued to eat the same amount of 
food, it might have been expected to form some fat from nutrients gained 
through the cross-circulation. Since it lost fat, it presumably ate less. It is 
suggested that this may possibly have been due to the operation of a hypo- 
thalamic control of food intake, responding to the partner’s over-eating. 
If so, information must be able to reach the hypothalamus by way of the 
parabiotic union. The result is compatible with a hypothesis that the quantity 
of fat in the body is one of the factors which regulate a normal animal’s intake 
of food (Kennedy, 1953; Mayer, 1955). The individual intakes of food are being 
further studied. 
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Frequency of contraction as a factor in the action of drugs on 
isolated heart tissue. By J. R. Vanz. Department of Pharmacology, 


Royal College of Surgeons Examination Hall, Queen Square, London, 
W.C.1 


Quiescent left atria from rabbits were suspended in oxygenated Ringer—Locke 
solution at 37° C and stimulated electrically to contract at frequencies from 
120/min to 1/5 min. Contractions were recorded by a spring lever. 

The amplitude of contraction varied strikingly with the frequency of beat. 
It was large at 120/min, but only about 10% of this size at 8-15 min, a 
property related to ‘treppe’ (Bowditch, 1871) and observed by Cattell & Gold 
(1941) in ventricular tissue. At even lower frequencies, the amplitude began 
to increase, until at 1/min it was equal to or greater than that at 120/min. 

Because of this property of cardiac muscle, any drug which changes the rate 
of beat will, through this action alone, change the amplitude of contraction. 
This inference was substantiated by the effects of acetylcholine and adrenaline. 
Innaturally beating atria, acetylcholine reduced both frequency and amplitude, 
but if the frequency was kept constant by stimulation, the reduction in 
amplitude was much less. If the frequency of stimulation was altered to mimic 
the changes in pacemaker frequency induced by acetylcholine, a reduction in 
amplitude occurred without addition of the drug. Similarly, the increase in 
amplitude produced by adrenaline could be partially imitated by an increase 
in frequency of stimulation. 

Changes in pacemaker frequency do not account for all of the action of 
these drugs on amplitude: there is a residual effect when the frequency is 


kept 
freq 

(a 

flat, 
(b 

spee 

cho 
(¢ 

ons 

hac 
| tiss 
exp 

pro 

bes 
hee 

ous 

E 

W 

ST 

8 

a 

e 

f 

| t 


SOCIETY, 19-20 JULY 1957 WP 


kept constant. This direct action was studied over a wide range of imposed 
uencies. 

(a) At 120/min, the dose/response curve for acetylcholine was extremely 
flat, 10-* reducing the amplitude by 20% and 10-* by 70%. 

(6) At lower frequencies, the magnitude of the effect decreased and the 
speed of onset of action became slower, until at rates less than 4/min, acetyl- 
choline now produced a slight increase in amplitude. 

(c) Both the increase in amplitude produced by adrenaline and the speed of 
onset of its action were similarly related to frequency. At 1/min, adrenaline 
had no action. 

Thus with both drugs, the rate of onset of action and the sensitivity of the 
tissue were related to the number of contractions rather than the time of 
exposure. A possible interpretation of points (b) and (c) is that acetylcholine 
and adrenaline influence (in opposing directions) the rate of recovery of a 
process linked with contraction. 

These results also account for other aspects of Pa action on amplitude of 
beat: for instance, the large initial contraction after temporary arrest of the 
heart. They may also help to explain the action of cardiac glycosides, for 
ouabain (10-7) minimizes the dependence of amplitude upon frequency of 
contraction, as does an increase in Ca** concentration. 
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Expiratory muscles involved in speech. By M. H. Draper, 
P. Lapgrocep and D. Wuirreriper. Departments of Phonetics and 
Physiology, University of Edinburgh 


We have tried to identify the muscles concerned with the effort needed for 
speech. Previous work on the muscles used in respiration in man has dealt 
with expiration under various conditions including singing, but not with 
speech (Floyd & Silver, 1950; Campbell, 1955). Stetson (1951) devoted 20 years 
to this and allied problems from the standpoint of phonetics, but his methods 
are not beyond criticism. 

We have looked for signs of muscular activity using concentric needle 
electrodes and also surface electrodes. Action potentials and oesophageal 
pressure were recorded by cathode-ray oscillographs and camera. Contrary to 
the usual teaching, but in general agreement with Floyd & Silver (1950), we © 
found that the rectus abdominis, the external and probably the internal 
oblique muscles are used only in extreme expiration and in shouting. We agree 
_ that expiration in quiet breathing is passive, but during speech the most active 
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muscle is the internal intercostal. This is best detected by needle electrodes in 
the 6th or 7th space just lateral to the nipple line. This muscle shows bursts 
of activity about 0-1 sec before the beginning of phonation, particularly 
before stressed syllables. 

Inspiratory activity can best be detected in the scapular triangle where the 
external intercostal muscles are subcutaneous. These fibres are active in 
inspiration and silent in normal expiration, but may be activated together 
with most of the muscles of the chest wall in extreme expiration. If a deep 
breath is taken before beginning to speak, the external intercostal muscles may 
continue to be active for the first part of expiration. In some subjects they 
show clear bursts of activity towards the end of each of the first three or four 
words spoken. The outflow of air is apparently regulated by a checking action 
of inspiratory muscles. 

We have twice succeeded in obtaining records from the human diaphragm. 
The frequency of discharge was about 15 impulses per sec during inspiration, 
and there was no discharge in expiration. 

If speech is preceded by a deep inspiration, the expiratory force at first is 
provided by the elastic recoil of the lungs and chest wall. This is checked to a 
somewhat variable extent by the inspiratory muscles. As expiration proceeds, 
this checking action stops and active expiratory pulses are provided by the 
internal intercostal muscles. Further expiration is assisted by latissimus dorsi 
and finally by the abdominal muscles. 
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High partial pressures of nitrogen and abolition of blocking of 
the occipital alpha rhythm. By P. B. Bennerr and A. Grass. 
Royal Naval Physiological Laboratory, Alverstoke, Hants 


Air breathed at pressure has a narcotic action (Behnke, Thomson & Motley, 
1935; Case & Haldane, 1941, etc.). Nitrogen is considered responsible but CO, 
was suggested as an alternative (Bean, 1950). This latter theory has been 
questioned (Rashbass, 1955). 

An electroencephalograph has been used to investigate this effect on men in 
a recompression chamber. The occipital alpha rhythm (8-13 c/s) shows an 


abrupt fall in amplitude when a subject opens his eyes or concentrates on 
problems. This is alpha-blocking. 
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Subjects were given sums at short intervals and it was found that after a 
time which varied inversely with pressure, this blocking did not occur (see 
Fig. 1). In one case visual blocking was similarly abolished. 

The time to abolition of blocking was inversely proportional to the square 
of the pressure. This function suggests a gaseous diffusion process (Hemple- 
man, Crocker & Taylor, 1952), which by exceeding a critical tissue threshold 
has inhibited the cerebral mechanism producing alpha-blocking. 

This threshold can be calculated as a pressure at which, when full body- 
saturation has occurred after a long time Alpha-blocking will be abolished; but 
below which it will never be abolished. The personal threshold is constant but 
varies with individuals. 


49x7 ‘ 


Fig. 1. Effect of four atmospheres absolute on the human e.e.g. whilst calculating. A, at surface ; 
B, after 3 min at pressure; C after 15 min at pressure. Blocking abolished. D, 1 min after 
reaching surface. Blocking returning. Numbers refer to problems presented and answers 
given. 

Abolition of alpha-blocking may be connected with objective signs of 
impairment of mental processes, because after it has occurred, answers to 
problems are significantly less correct and take longer to be given. 

The less narcotic helium, routinely used by divers, does not produce this 
abolition. 

It is possible, therefore, that nitrogen is the gas responsible for both sub- 
jective narcosis and abolition of alpha-blocking, when a critical tissue partial- 
pressure has been exceeded. 

Other workers have shown similar effects in animals with Nembutal 
(Arduini & Arduini, 1954) and pointed to the reticular formation as the source 
(French, Verzeano & Magoun, 1953). 

This communication is submitted for publication by permission of the Admiralty. 
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The effects of occluding the carotid and vertebral arteries in sheep 
and goats. By J. L. Linzer and G. M. H. Warrss. A.R.C. Institute 
of Animal Physiology, Babraham, Cambridge 


The only large vessels supplying the circle of Willis in the sheep and goat are 
the external carotid arteries (via the carotid rete), the occipital branches of 
which form a large anastomosis with the vertebrals. The branches from the 
vertebrals to the basilar artery are very small. Andersson & Jewell (1956) 
investigated the cerebral distribution of carotid and vertebral blood in both 
conscious and anaesthetized goats by the injection of coloured suspensions and 
found that, apart from a small area of the hind-brain in some animals, all the 
cerebral blood was in fact supplied by the carotid arteries. We were therefore 
surprised to find that both carotid arteries could be occluded in sheep and 
goats with bilateral carotid loops either without any effects or with only 
transient disorientation. In these animals the blood might have reached the 
brain through new or enlarged collaterals. Therefore, in 8 other animals wesnared 
both carotid and vertebral arteries (and in two the occipitals) with broad 
nylon ligatures and tested the effects of occlusion within 24 hr of operation. 

In all 8 animals the occlusion of both carotids, together with both vertebrals 
or occipitals (in two), caused unconsciousness within 15 sec with immediate 
recovery upon release. Occlusion of both carotid arteries alone caused loss of 
consciousness in only one animal; in the remainder, lateral movements of the 
head, splaying of the limbs and staggering, usually lasting half a minute, 
occurred, after which posture and locomotion were normal in spite of continued 
occlusion for 2-3 min. Additional occlusion of one vertebral artery then caused 
loss of consciousness in two animals but caused only'slight disorientation or had 
no effects on five. We therefore conclude that when both carotid arteries were 
occluded, blood from the vertebral arteries was entering the external carotid 
arteries above the point of occlusion through the large occipito-vertebral anasto- 
mosis and thus reached the brain via the carotid rete by the normal route. 

In anaesthetized animals, both common carotid and both vertebral arteries 
could be simultaneously tied off after which the cardiac, vasomotor and 
respiratory centres remained functional for up to 1 hr. Medullary function 
failed after the additional ligation of one occipital artery. This was to be 
expected since the spinal arteries fully anastomose with the vertebrals. 

These results show that the vertebral and spinal supply may be sufficient to 
maintain the whole brain in conscious animals and the spinal supply alone 
sufficient to maintain the medullary centres for some time under anaesthesia. 


Under all conditions the external carotid arteries would appear to be the final 
common path for blood to the circle of Willis. 
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Conduction velocity in vagal afferent fibres. By A. Icco. Department 
of Physiology, University of Edinburgh 
The conduction velocity was measured in about 100 single vagal afferent fibres 
in the cat. Fifty-one of these fibres were the centripetal axons of gastro- 
intestinal receptors, the properties of which have been described (Iggo, 
1957a, 6). Although some of the measurements were made in vagal strands 
containing a single live axon, most of the results were obtained with multifibre 
strands. In order to identify individual fibres in multi-fibre strands two 
methods were used: (a) the stimulating electrodes were placed on the ab- 
dominal vagus, as close as possible to the nerve-ending; (b) a shock was sent 
into the cervical vagus some distance below the recording electrodes so that 
the antidromic impulses collided with orthodromic impulses. If the fibre from 
the receptor under study was excited then the collision of the impulses led to 
the absence of the expected orthodromic impulse at the recording electrodes. 

In addition to fast fibres, well known in single fibre studies, this communi- 
cation describes fibres with conduction velocities as low as 0-5 m/sec. Fibres 
as slow as this are usually considered to lack a myelin sheath. Several tests 
were used to see if this could be established by independent means: (a) The 
duration of the spike of the slowly conducting fibres ranged from 1 to 2-2 msec, 
whereas the fast fibres had spikes which lasted only 0-5 msec. Below 15 m/sec 
the duration of the spike increased, with no apparent discontinuity as the very 
slow conduction velocities were reached. (6) The duration of the local excita- 
tory state was 0-2 msec in the fast fibres and 1-0 to 1-1 msec in the fibres with 
conduction velocities below 2 m/sec. (c) The threshold for electrical stimula- 
tion was very much higher for the slow fibres than for the fast fibres but no 
accurate measurements were made. These results confirm that the slowly 
conducting fibres were small fibres, but they do not establish convincingly 
that any of the small fibres were non-medullated. The conclusion that some 
of the fibres were non-medullated rests largely on the conduction velocity 
measurements. 

Some slow fibres were found in which the conduction velocity in the peri- 
pheral parts of the axon was much slower than in the proximal region. These 
results suggest that some C fibres may gradually become smaller as they travel 
out from the central nervous system and that some small medullated fibres 
may lose their myelin sheaths. There is no evidence that the changes in 
conduction velocity were due to branching of the axons. 
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Obscure factors in haemoglobinometry. By R. Barer and F. M. 
Garrnzy. Department of Human Anatomy, University of Oxford 
In the determination of blood haemoglobin by photoelectric absorptiometry, 
it is important that the lysed sample should be as free from turbidity as 
possible. It is well known that lysis in dilute alkali (0-04%, ammonia or 
0-01 % sodium carbonate) gives clearer solutions than lysis in distilled water. 
A common explanation is that alkali prevents the precipitation of plasma 
globulins. However, when plasma was diluted with water under the conditions 
used in oxyhaemoglobin determination, the turbidity was usually negligible. 
Moreover, suspensions of washed red cells lysed in water were much more 
turbid than after lysis in dilute alkali. The cause of turbidity therefore lies in 
the cells and not in the plasma. When turbid water lysates were centrifuged 
at 7000 g for 5-10 min, a compact red sediment was produced. Examination 
showed that this was composed of well-formed ghosts containing residual 
haemoglobin. Up to 10% of the total haemoglobin remained attached to the 
ghosts. Counts showed that the number of ghosts was approximately equal to 
the number of intact cells originally present. In alkali, on the other hand, 
almost no sediment was obtained and no intact ghosts were left. Thus lysis in 
water does not destroy ghosts or liberate all the haemoglobin, whereas alkali 
dissolves the stroma and liberates all the haemoglobin. In oxyhaemoglobin 
determinations, therefore, the main cause of turbidity in the absence of alkali 
is light scattering by ghosts and the plasma plays a negligible part. 
Conditions are quite different in carboxyhaemoglobin determination. When 
laboratory coal gas was passed through a water lysate, there was a considerable 
increase in turbidity. Pure oxygen and carbon monoxide were without effect. 
Coal gas did not increase the turbidity of a suspension of washed cells lysed in 
water, but produced considerable turbidity in diluted plasma. In this case, 
therefore, the cell ghosts are responsible for the initial turbidity and the plasma 
for the further increase in turbidity produced by coal gas. Alkali (0-04% 
ammonia) abolished both effects. The plasma turbidity is caused by acidic 
impurities in laboratory coal gas. It was thought that these might precipitate 
plasma globulin. However, solutions of several purified globulin preparations 
were apparently unaffected by passage of coal gas. The substance responsible 
for turbidity in plasma has not been positively identified, but indirect evidence 
suggests that the chylomicra, on to which globulin may be absorbed, are 
involved. 


This investigation was assisted by an M.R.C. grant to F.M.G. 
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Osmotic equilibria in human erythrocytes measured by immer- 
sion refractometry. By D. A. T. Dick and Lean M. Lowenstein. 
Department of Human Anatomy, University of Oxford 


The immersion refractometry technique (Barer & Joseph, 1954, 1955a, b) was 
used to measure the average solid concentration in heparinized human erythro- 
cytes at different osmotic pressures. The reciprocals of the average con- 
centrations were used as measures of the volume changes which take place, 
on the assumption that no transfer of solute takes place across the cell 
membrane during the attainment of osmotic equilibrium. A linear relationship 
was found between the reciprocal of concentration (or the volume) and the 
reciprocal of osmotic pressure within a range from 300 m-osmoles down to a 
lower limit of between 130 and 230 m-osmoles depending on the pH. The water 
content of the cell at isotonic osmotic pressure calculated from this relationship 
by means of the simple Boyle-van’t Hoff Law was found to be less than the 
actual water content measured by direct refractometry ; the ratio of the calcu- 
lated to the actual water content, Ponder’s R (Ponder, 1940), was found to 
average 0-95, a value in agreement with those of previous observers for 
heparinized erythrocytes. 

The discrepancy between calculated and actual water content, represented 
by the empirical factor R, is attributed to the inadequacy of the simple 
Boyle-van’t Hoff Law which assumes that the average osmotic coefficient of 
the intracorpuscular solutes remains constant over the range of concentrations 
produced in osmotic experiments. Although this is true of the non-colloidal 
electrolytes it is known from the data of Adair (1929)that the osmotic coefficient 
of haemoglobin increases rapidly with concentration. Since in consequence 
haemoglobin makes an unexpectedly large contribution to the intracorpuscular 
osmotic pressure (17-5 m-osmoles out of a total 300 m-osmoles), the average 
osmotic coefficient of the intracorpuscular solutes changes significantly with 
concentration. The value of R which is to be expected on this basis has been 
calculated and is found to vary from 0-925 to 0-975 depending on the corpus- 
cular haemoglobin concentration. Allowing for the experimental error of the 
results (estimated by statistical methods), this value is in agreement with the 
observations. 


This work was supported by an M.R.C, grant to L. M. L. 
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The nature of the rise in pressure of the cerebrospinal fluid that 
accompanies passive movement of the head in the anaesthe- 
tized dog. By T. H. B. Beprorp. Department of Pharmacology, 
University of Manchester 


Movement of the head and neck in the horizontal plane, while the rest of the 
body remains fixed in the prone position, causes a rapid rise in the pressure of 
the cerebrospinal fluid and the height of the rise is proportional to the extent 
of the movement (Bedford, 1957). In the experiments to be described, the 
effect of maintaining the head in a position of lateral deviation in relation to 
the rest of the body on the pressure of the cerebrospinal fluid has been studied. 

The general experimental technique was similar to that employed in earlier 
experiments (Bedford, 1957). The pressure of the cerebrospinal fluid was 
measured in the cisterna magna and in the lumbar subarachnoid space. The head 
was moved through an angle of 45° in the horizontal plane; in a limited number 
of experiments the head was rotated through an angle of 45° in the long axis of 
the body. It was found that the rise in the pressure of the cerebrospinal fluid 
that accompanies these movements is not maintained, but begins to fall almost 
immediately and continues until the initial level is reached. This is usually 
attained after a period of 10-20 min and, except for minor deviations, the 
pressure then remains stationary. If the head is now returned to its original 
position, the pressure of the cerebrospinal fluid falls rapidly to a low level and 
then rises slowly to the initial one. Identical results were obtained when the 
head was rotated through an angle of 45° in the long axis of the body. 

The similarity of the response of the cerebrospinal fluid pressure in these 
experiments to that which follows ligation of the external jugular veins 
(Bedford, 1935) suggests that the initial rise is caused by a sudden increase in 
intracranial venous pressure and that the fall is probably due to an increased 
rate of absorption or to a reduction in the formation of cerebrospinal fluid 
rather than to the development of a collateral circulation. Although the spinal 
subarachnoid fluid pressure in these experiments rose approximately to the 
same level as that in the cisterna magna, it is reasonable to assume that the 
intraspinal venous pressure remained relatively undisturbed. These conditions 
would favour an increase in the rate of absorption of cerebrospinal fluid from 
the spinal subarachnoid space (Mortensen & Weed, 1934). Bedford (1957) 
reported that increased intracranial venous pressure may cause the lateral 
ventricles to be obliterated. It is probable that under these circumstances the 
rate of formation of cerebrospinal fluid by the choroid plexuses of these 
ventricles will be modified. 
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Afferent fibres which mediate reflex pupillary dilatation. By 
M. H. Evans. From the National Institute for Medical Research, Mill Hill, 
N.W.7 


Reflex pupillary dilatation was evoked in cats anaesthetized with chloralose 
sometimes supplemented with pentobarbitone, by electrical stimulation of 
saphenous, superficial radial and splanchnic nerves. Rectangular pulses of 0-1 
or 0-25 msec duration were applied at a frequency of 5/sec until a steady 
pupillary dilatation was obtained. The dilatation was measured and plotted 
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Fig. 1. Cat anaesthetized with 86 mg/kg chloralose and 6 mg/kg pentobarbitone, 8 hr previously. 
Stimulation of saphenous nerve with 0-25 msec pulses at 5 shocks/sec. Electroneurograms 
recorded 57 mm from the stimulating electrodes. 


against stimulus strength, which varied from 0 to 30 V. The electroneurogram 
was recorded a few centimetres from the stimulating electrodes, and the degree 
of dilatation was correlated with the elevations of the compound action 
potential. 

The results of one experiment are illustrated in Fig. 1. Stimulation of the 
saphenous nerve at 3-5 x threshold evoked two elevations conducted at 


6 
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30-70 m/sec, termed A alpha-beta and A gamma. The pupil did not dilate 
beyond its resting width of 0-1 mm. Stimulation at 15 x threshold evoked an 
additional elevation termed A delta, conducted at 15-25 m/sec, and this led to 
a partial mydriasis, the pupil dilating to 0-4 mm. With stimulus strength up 
to 65 x threshold, which was just insufficient to evoke a C elevation, pupillary 
dilatation was scarcely greater than at 15 x threshold. When the stimulus was 
120 x threshold the C elevation was present, conducted at 0-7—1 m/sec, and the 
pupillary dilatation increased to 4-6 mm. 

This differentiation between the small reflex dilatation mediated by A delta 
afferents, and the great dilatation mediated by C afferents, was best seen in 
deep chloralose anaesthesia supplemented with 6-12 mg/kg of pentobarbitone. 

Stimulation of the superficial radial or splanchnic nerves gave similar results. 
However, with splanchnic nerve stimulation the delta elevation, conducted 
at less than 25 m/sec, partially fused with the B elevation, conducted at 
5-15 m/sec, so that the electroneurogram of some of the slow-conducting delta 
afferents was masked. 


Some observations on sweat emergence in the central pad of the paw 
of the cat. By Davin P. C. Lioyp. The Rockefeller Institute, New York 


Reabsorption of water (Lobitz & Mason, 1948; Schwartz, Thaysen & Dole, 
1953) and of sodium (Schwartz & Thaysen, 1956) from the lumina of sweat 
glands has been postulated to account for concentration differences between 
slowly and profusely secreted sweat, or for those between plasma and sweat. 
Direct evidence of reabsorption, however, appears to be lacking, and for the 
most part the ducts seemingly are considered as mere channels from the 
secretory tubules to the surface. The experiments to be described provide 
new and more direct evidence concerning ‘The problem of reabsorption’ 
(Rothmann, 1954). 

Emergence of sweat from the ducts of glands in the central pad of the cat’s 
paw has been observed with the aid of a low-power microscope. To activate 
the glands the secretomotor fibres were stimulated electrically in the centrally 
severed plantar nerves. 

According to visual inspection stimulation at 10 per sec after prolonged rest 
may require up to 60 sec for beginning sweat emergence. Repetition of the 
stimulation after a brief rest causes sweat to emerge in 2-5-3 sec, As the rest 
period between stimulations is increased emergence latency increases initially 
rapidly and linearly with duration of rest, and then more slowly. A final 
relatively constant value for latency has not yet been encountered despite 
observation after rest periods approaching 90 min. 

If one applies ‘conditioning’ stimulations of 1 min duration at 10 per sec 
frequency, and, after constant rest periods of 2 min, applies ‘test’ stimulations 
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of variable frequency then latency of sweat emergence in response to the test 
stimulation is found to vary inversely as the frequency in the range of fre- 
quencies between 30 per min and 10 per sec. 

The amount of sweat emerging at the surface decreases with increase in rest 
period duration, frequency of stimulation being fixed, and with decrease in 
frequency the rest interval being fixed. At low frequency (6 per min) there may 
be no visible emergence. 

These observations indicate that the ducts of sweat glands do, in fact, 
reabsorb; that sweat formation is a relatively rapid process, sweat reabsorp- 
tion being a relatively slow process; that the minimum emergen:e latency with 
ducts full represents the latency of sweat formation; and that a balance can 
be struck between formation and reabsorption by suitable choice of stimulation 


frequency. 
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The meaning of the record from a stimulated dorsal root. By 
R.T. Treezar. The Physiological Laboratory, Downing Street, University 
of Cambridge 

Records obtained from stimulated dorsal roots have differed greatly (Eccles 

& Malcolm, 1946; Lloyd & McIntyre, 1949). In the present experiments, 

performed on spinal frogs, the record after a single supramaximal stimulus 

showed a large diphasic action potential, followed by an electrotonic potential 
similar to that seen on an unstimulated adjacent root (first part of figure). 
When a second supramaximal stimulus was applied 12-32 msec after the 
first, the first positive phase of its action potential fell as far below the pre- 
existent electrotonic potential as the first action potential had fallen below the 
base line. This is what would be expected on simple addition of the action and 
electrotonic potentials. On the other hand, the second phase of the action 
potential and the immediately succeeding record were less negative than would 
be expected on simple addition, although equal to or greater than the height 
of the record at the equivalent time after the first stimulus. If this result is 
interpreted in terms of destruction of the record of the pre-existent electrotonic 
potential, it means that one-third or more of the record was destroyed during 
and immediately after the second phase of the action potential, and then some 
fraction or all of it reappeared. This fraction cannot be determined, as the 
amount of electrotonic potential which the second volley itself created is 
unknown. 
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Eccles & Malcolm suggested that the loss of record meant real destruction 
of the source of the electrotonic potential. An alternative suggestion is that 
the lowered membrane resistance, due to the second action potential, short- 
circuits the membrane current which causes the electrotonic potential and 


Fig. 1. Response on 9th dorsal root to two maximal volleys, at 32 msec interval, on the same 

-- poot. 1mV =14.mm; negativity of the electrode nearest to the spinal cord upwards. The first 
phase of the first action potential is omitted. (Tracing of original record.) 

reduces its record. This would account for the apparent destruction during and 

immediately after the second phase of the action potential and the subsequent 

rapid rise of the record, as the action potential decayed. 
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The effect of the local application of procaine on the stretch reflex 
of cats decerebrated by the anaemic method. By P. B. C. 
Matruews. University Laboratory of Physiology, Oxford 

In cats decerebrated by mid-brain section the tonic stretch reflex of the soleus 

muscle is selectively aknlished by applying procaine solution to the nerve to 

soleus. At the time when the reflex disappears the response of soleus to stimu- 
lation of its nerve central to the anaesthetized region is unaltered (Matthews 

& Rushworth, 1957). This effect was attributed to selective paralysis of the y 

efferents to the muscle spindles. Cats decerebrated by the anaemic method 

have less activity of y motoneurones than those decerebrated by section, but 
their « motoneurones are as readily excitable reflexly (Granit, Holmgren & 

Merton, 1955). In this preparation, therefore, procaine should have a less 

selective action on the stretch reflex. This expectation has now been ccnr.ned. 

The methods were those used previously (Matthews & Rushworth, 1957), 
but the cats were ‘decerebrated’ by tying basilar and carotid arteries (common, 
external and ‘internal’); the forebrain was later removed. The stretch reflex, 
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recorded myographically, had a large tonic component, and usually soleus 
showed ‘active’ tension at the resting length employed. When procaine solu- 
tion was applied to the nerve to soleus the tonic stretch reflex survived as long 
as the motor tetanus (elicited by stimulation of the nerve at 90/sec central to 
the anaesthetized region). Sometimes the reflex was paralysed in one stage 
together with the motor response; sometimes the reflex was paralysed in two 
stages, the initial partial paralysis occurring at a time when the motor response 
was unaltered. Only rarely was the tonic stretch reflex completely paralysed 
at an early stage, as in cats decerebrated by section. This difference between 
the two preparations is readily explained as due to a differing dependence of 
the stretch reflex on y motoneurones. 

In the present experiments, however, the persisting ‘stretch reflex’ might 
not have been reflex at all, but due to a constant discharge from « motoneu- 
rones producing greater tension in extended than in unextended muscle. This 
interpretation has been excluded by recording the electromyogram (between 
belly and tendon of soleus) simultaneously with the myogram. When the nerve 
was nearly paralysed it could be seen that motor units which were silent while 
soleus was unstretched discharged when soleus was stretched. This showed 
that the stretch reflex persisted as long as the motor response. 

The findings support the view that the selective action of procaine on the 
stretch reflex of cats decerebrated by section is due to paralysis of y efferents. 
Further, the effect is unlikely to be due to paralysis of nerve fibres from ‘tonic 
«% motoneurones’, for tonic stretch reflexes are probably dependent upon these 
under all conditions (Granit, Henatsch & Steg, 1956). 
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Affective reactions obtained by electrical stimulation of the 
amygdala. By A. Fernanpez and R. W. Hunspercert. 
From the Physiological Institute, University of Ziirich 

An affective defence reaction (Hess & Briigger, 1943) is produced by electrical 

stimulation in delimited areas of the brainstem in unanaesthetized, freely 

moving cats (Hunsperger, 1956). This reaction is comparable with that seen 
when a cat is confronted by a dog. | 

Affective reactions are also produced by stimulation of the amygdala using 
the same technique (Hess, 1932), and develop as follows: pupils dilate and 
respiration increases. The cat at first gives low growl. Soon, loud and long 
growls alternate with puffing respiration, the ears are laid back, the head is 


* Aided by a grant from the Spanish Research Council. 
+ Aided by a grant from the Swiss National Foundation for Scientific Research. 


‘ 
4 
‘ 
j 
‘ 
} 


30 P PROCEEDINGS OF THE PHYSIOLOGICAL 


lowered, the back hunched (occasionally), and pilo-erection of back and tail 
sets in. Suddenly the cat hisses repeatedly, baring its teeth. The response 
obtained from the amygdala rarely culminated in directed attack. The reaction 
may be accompanied by motor effects, i.e. turning of the head, or darting of 
the eyes and head to the side opposite stimulation. 

The area from which affective reactions were obtained occupies the dorsal 
portion of the nu. basalis and adjacent portions of the nu. centralis and nu. 
medialis, a region from which several components of the stria terminalis arise. 
The active area can be followed out beyond the amygdala and appears to 
coincide with the pathway of the stria terminalis. Other effects, including the 
motor effects described above, but never affective reactions, were obtained 
from the anterior, lateral, ventral and posterior portions of the amygdala. No 
electrode entered the ventral portion of the nu. medialis. 

The experiments add to present knowledge: 

(1) Affective reactions obtained by stimulation of the amygdala differ from 
those obtained from the brainstem. Sustained loud growling, and, in most 
cases, absence of the final attack, characterize the amygdala pattern. The cat 
in this group appears to be less aware of its surroundings. 

(2) Responses can be produced without accompanying head movements 
(Gastaut, Naquet, Vigouroux & Corriol, 1952) and glancing or searching 
movements (Kaada, Andersen & Jansen, 1954). These accompanying move- 
ments may be due to spread of current to adjacent structures. 

(3) The responsive field lies midway in the amygdala between the medial 
and basolateral areas described by MacLean & Delgado (1953) and Kaada et al. 
(1954), respectively. Results suggest that specific connexions with the brain- 
stem centres are established by means of the stria terminalis. 
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Afferent fibres passing through the stellate ganglion. By R. Hotmzs 
and R. W. Torrance. Chemical Defence Experimental Establishment, 
Porton, Wiltshire, and University Laboratory of Physiology, Oxford 

Work has previously been reported (Holmes & Torrance, 1955) in which 

afferent impulses from receptors in the mediastinum and from proprioceptors 


in longus colli were recorded in the thoracic sympathetic nerves of cats with 
open chests. 
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It has now been shown that even though there may be as many as twenty 
afferent fibres from longus colli in the sympathetic ramus of T2, stimulation 
of this ramus or of the ramus of T1 with an intensity adequate to give marked 
contractions of the nictitating membrane does not cause contraction of the 
longus colli. A few afferents from longus colli have also been found running in 
the ansa subclavia though only in the ventrolateral branch. 

In two experiments with the pleural space unopened, the inferior cardiac 
nerve was subdivided immediately ventral to the stellate ganglion. Fibres 
were obtained which gave slowly adapting discharges both on inflating and on 
deflating the lungs. Some of these responded to inflating a balloon in the 
thoracic oesophagus. 

This afferent activity was, however, more easily studied in the sympathetic 


rami of Tl and T2 when proprioceptive activity had been abolished by | 


separating the stellate ganglion from the underlying muscle and cutting or 
tying all nerves entering it except the inferior cardiac nerve and the ventro- 
lateral branch of the ansa subclavia. The ramus was subdivided and fibres 
obtained which responded to inflation or deflation of the lungs. The chest was 
then opened widely and the sites of the receptors were sought by mechanical 
‘stimulation of the visceral pleura. Receptors which had responded to inflation 
or deflation were found to lie around the lung roots and in the mediastinal 
pleura overlying the trachea. The fibres did not then respond to alteration of 
lung volume unless this caused gross movement of their site of origin. 
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Receptor potentials and Na* concentration. By J. Diamonp, 
J. A. B. Gray and D. R. Inman. Department of Physiology, University 
College London 

The effects of the Nat+ concentration on the receptor potentials of the Pacinian 

corpuscle have been investigated by perfusing single corpuscles (Diamond, 

Featherstone, Gray & Inman, 1956). The electrical activity, resulting from 

mechanical stimulation, recorded during perfusion with a solution containing 

NaCl 145mm, CaCl, 2-5 mm, MgSO, 1-2 mm, KH,PO, 0-58 mu, K,HPO, 

2-5 mm and HCl 0-3 mm was identical with that recorded before perfusion. 

When the perfusion fluid was changed to one in which the NaCl was completely 

replaced by either choline chloride 175 mm or sucrose 290 mm, all sign of 

impulse activity disappeared within about 1-5 min. Continued perfusion 

caused the amplitude and rate of rise of the receptor potential to fall until a 

constant value was reached in 10-20 min. This change was reversible, the 

receptor potential and impulse returning 2-10 min after changing to the 
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original solution. In order to make a quantitative assessment of the relation- 
ship between Nat concentration and the maximum receptor potential in the 
absence of the impulse, some experiments were performed with just sufficient 
procaine (0-0125-0-075 %) in all solutions to abolish the impulse; the receptor 
potential was only slightly diminished. Values of amplitude and rate of rise of 
maximum receptor potentials, after correction for changes in recording resist- 
ance, showed that both these quantities declined with decreasing Nat concen- 
tration. In the absence of Na+, the potential was reduced to 10% or less of its 
original value. These results are consistent with the hypothesis that the 
receptor potential is due to ions moving down their electro-chemical gradients, 
Na+ carrying the major part of the charge. 
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Effect of glucose deprivation on the post-tetanic hyperpolarization 
of mammalian non-medullated nerve fibres. By P. Grezncarp 


and R. W. Straus. The National Institute for Medical Research, Mill 


Hill, London, N.W.7 


In mammalian non-medullated nerve fibres a short burst of activity is followed 
by a pronounced post-tetanic hyperpolarization (Brown & Holmes, 1956). This 
hyperpolarization was shown by Ritchie & Straub (1957) to be quickly 
decreased by 2:4-dinitrophenol, azide, cyanide and iodoacetate, compounds 
known to block metabolic pathways, suggesting that the hyperpolarization is 
dependent on metabolic processes. In the present experiments we investigated 
whether lack of glucose, the only fuel ordinarily present in Locke’s solution, 
might cause a decrease in the post-tetanic hyperpolarization. 

Desheathed bundles obtained from one of the subdivisions of the rabbit’s 
cervical sympathetic trunk were mounted in the apparatus described else- 
where (Stampfli, 1954; Ritchie & Straub, 1957). The fibres were stimulated at 
15 shocks/sec for 10 sec periods at intervals of 3 min. When preparations were 
bathed with flowing Locke’s solution, containing 5-6 mm glucose, the post- 
tetanic hyperpolarization usually decreased slowly. However, upon changing 
to glucose-free Locke’s solution the height of the post-tetanic hyperpolarization 
decreased rapidly, sometimes by as much as 60% within 2 min. The effect was 
nearly fully reversible, provided the preparation was not left in the glucose-free 
solution for more than a few minutes. 

The great sensitivity to lack of glucose shown in these experiments is in 
apparent contradiction to the view generally held that peripheral nerve 
functions quite well for hours in the absence of added substrates. This view is 
based on numerous observations made either on properties which are now 
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known to depend only indirectly on metabolism (see Hodgkin & Keynes, 1955), 
or under conditions in which the metabolic rate was not much above its resting 
level. In our experiments, however, the effect of glucose-lack was observed on 
the hyperpolarization following a burst of activity in small non-medullated 
fibres. As this appears to be a process involving high activity of the sodium- 
potassium pump (Ritchie & Straub, 1957) it might be expected to be more 
sensitive to lack of substrates than most other signs of peripheral nerve 
function. 
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Patterns of respiratory discharge in the cat and rat. By Mary 
H. D. Cuenneiis. Department of Physiology, Middlesex Hospital Medical 
School, London, W. 1 


Patterns of respiratory activity were studied by electromyographic recording 
from the diaphragm, intercostal and abdominal muscles. The extent to which 
these muscles were involved in breathing depended on the depth of anaesthesia. 
Under deep pentobarbitone anaesthesia only the diaphragm was used. The 
electromyograms showed a burst of activity followed by a completely silent 
pause. The first change noted as anaesthesia became lighter was increased 
diaphragmatic activity as judged by the greater ease of finding a suitable 
position from which electrical activity could be picked up with a concentric 
needle electrode. Subsequently the accessory muscles of respiration became 
active. In the cat the external intercostal muscle fired in inspiration, the 
internal intercostal muscle in expiration. The small part of the internal muscle 
immediately adjacent to the sternum fired, however, in inspiration. The 
abdominal muscles (oblique and rectus abdominis) fired in expiration. In the 
rat the internal intercostal muscles are very small and are only found immedi- 
ately adjacent to the vertebral column. The external intercostal muscle fired 
in inspiration, except for the immediately sternal portion, which fired in 
expiration. 

The central action of a series of neuromuscular blocking agents was studied. 
To avoid the complication of neuromuscular block they were given directly 
into the cerebrospinal fluid by intraventricular, intracisternal or intrathecal 
routes. 

The ‘competitive’ blocking agents, p-tubocurarine, L-tubocurarine, gallamine 
triethiodide (Flaxedil) and o-methyloxyacanthine dimethiodide all enhanced 
respiration to varying degrees, although there was no regular quantitative 
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relationship between the potency of the peripheral and central actions. In 
contrast, decamethonium and succinylcholine, drugs which cause neuro- 
muscular block by depolarization, had little central action. 

The action of the ‘competitive’ blocking agents may be illustrated by 
p-tubocurarine. When small doses were injected into the cerebrospinal fluid it 
was usually possible to observe respiratory effects uncomplicated by the con- 
vulsive activity studied by Salama & Wright (1950). The respiratory poten- 
tiation took the following forms: (1) There was an increase in rate, often two- 
fold, sometimes associated with a decrease in the duration of the inspiratory 
discharge. (2) The inspiratory firing of the diaphragm was increased and some- 
times prolonged so as to extend throughout expiration, but phasic variation in 
intensity always persisted. (3) Often, firing developed in previously silent 
‘respiratory’ muscles, such as the intercostal or abdominal muscles, or the 
activity previously present in these muscles was enhanced. This last effect 
resembles that of decreasing depth of anaesthesia already mentioned. The 
anti-anaesthetic action was particularly marked with compound o-methyloxy- 
canthine dimethiodide. 

Respiratory stimulation followed intracisternal injections of p-tubocurarine 
in the decerebrate cat. Spinal block experiments suggest that p-tubocurarine 
acts supraspinally, at least as far as the accessory muscles of respiration are 
concerned. Taken together, these results suggest that this drug probably acts 
directly on the respiratory centre. 2 


REFERENCE 
Salama, 8. & Wright, 8. (1950). Brit. J. Pharmacol. 5, 49-61. 


The responses of single units of the inferior colliculus of the cat 


to binaural stimulation. By 8. D. Eruixar. University Laboratory 
of Physiology, Oxford 


Responses to ‘clicks’ of single units of the inferior colliculus of the cat have 
been recorded by extracellularly placed microelectrodes. Stimulation of either 
ear may activate the same unit. Of eighty-nine units whose electrical activity 
was studied, eleven units responded to click stimuli delivered to the ipsilateral 
ear alone, twenty-three responded to clicks delivered to the contralateral ear 
alone, while fifty-five were activated by clicks delivered to either ear. 

When the click stimuli are delivered in succession to the two ears, there is 
an absolutely unresponsive period during which the second stimulus cannot 
evoke any detectable response. The length of this period varies according to 
the ear stimulated first. With progressive increase in the interval between the 
two stimuli there is a relatively unresponsive period, during which the mean 
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latency of the second response is increased and the number of spikes per 
response reduced, until finally an optimum response is reached. 

Reduction of the intensity of the click stimulus presented to either ear 
causes the mean latency of the responses of one and the same unit to be in- 
creased in a parallel manner, but the concomitant shifts in the number of 
spikes per discharge may not parallel one another. 

When the microphone is moved in a semicircular horizontal plane in front 
of the head, and click stimuli delivered at every 15°, an asymmetrical organiza- 
tion of the unit with respect to the latency is revealed. For those units, which 
are activated by click stimuli delivered to either ear, a progressive and linear 
change in the mean latency of the response occurs as the earphone is moved 
from one ear to the opposite ear. However, when the earphone is placed at the 
mid line, there is a deviation from the linear relationship, and the mean latency 
is significantly decreased. This decrease does not occur for responses from units 
activated by stimuli presented to one ear alone. 


Differentiation by microstimulation of alternative fibre systems 
converging on single Purkinje cells of the frog’s cerebellum. 
By C. G. Puriires. University Laboratory of Physiology, Oxford 


The effect of a high water intake on salivary secretion, salt 
consumption and taste thresholds in man. By H. E. pz WaRDENER 
and A. Herxuemmer. Departments of Therapeutics and Medicine, St 
Thomas’s Hospital Medical School, London, S.E.1 

The effect of an 11-day period of drinking about 101. of water a day has been 

studied in two normal subjects. 

Salivary secretion was induced by wax chewing, and by sucking an acid 
drop. The flow of saliva in response to these stimuli was unaffected by a high 
water intake. The salivary Na/K ratios were relatively constant in each 
subject; they were directly related to the salivary flow. 

Subject 1 lost a considerable amount of sodium and developed a negative 
sodium balance during the period of water drinking. His salivary Na/K ratio 
was always above 1-8, and reached its peak on the day when the loss of sodium 
was greatest. Subject 2 was in slight negative sodium balance before water 
drinking began, but during the period of water drinking, sodium equilibrium 
was restored and maintained. The Na/K ratio in this subject was always below 
1-3, and fell to its lowest level when the sodium equilibrium was being restored. 

During the experiment all food was prepared without added salt, and the 
subjects were allowed to add as much salt as they wished, but the amount they 
added was concealed from them. Soon after water drinking began, both 
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subjects felt an intense desire for salt, and added much more salt to their food. 
This increased demand gradually diminished toward the control levels during 
the remainder of the period of high water intake. 

The taste thresholds for salt and sucrose were measured daily by a method 
based on the ‘choice method No. 2’ of Richter & MacLean (1939). In both 
subjects the salt taste threshold fell sharply 2 or 3 days after the start of water 
drinking, and rose again to its initial level before the end of the period of high 
water intake. The sucrose taste threshold showed similar, but less marked 
changes. 

Richter, ©. P. & MacLean, A. (1939). Amer. J. Physiol. 126, 1. 


The cation content of the rat kidney. By R. F. Crampton. Department 
of Physiology, University of Birmingham 


This paper presents measurements of local concentrations of cations in the 
four morphological zones of the rat kidney. The functional significance of these 
zones has been discussed by Barclay & Crampton (1956). 

Samples of tissue from each zone were obtained from normal rat kidneys. 
The tissues were digested with 4.N sulphuric acid, and ion free water added to 
give a cation concentration suitable for estimation. The im vitro inulin space 
was determined and did not vary significantly among zones; on complete 
kidney slices it was found to be 24-2+1-13 ml./100 g tissue. This value was 
taken as the extracellular space of each zone. Drying to constant weight at 
105° C was employed to estimate total water. Results are shown in Table 1. 
The sodium, potassium and total water content of zones 3 and 4 differed 
significantly from each other and from zones 1 and 2, but the magnesium 
content showed no significant variation. 


TaBLE 1. Cation and total water content of zones 


Zone Sodium* Potassium* Magnesium* Total watert 
1 63-3 + 1-59 67-44 1-20 24-54 2-42 75-3 +.0-43 
2 67°34 2-42 65-44 1-42 23-2+1-78 76-5+0-44 
3 84-5+43-35 59-44 1-25 25-44 1-52 79-8+40-72 
4 166+ 8-15 46-0+ 1-03 23-9 + 2-46 85-0 + 0-90 


* 

Intracellular water (total water minus inulin space) was 51-1, 52-3, 55-6 and 
60-8 ml./100 g tissue for zones 1 to 4 respectively. Total intracellular cation 
(similarly calculated) was 234, 227, 238 and 319 m-equiv/l. intracellular water, 
otherwise expressed as 211, 205, 214 and 300 m-osmols/l. These values do not 
consider varying concentrations of cations in the tubular fluid, nor do they 
allow for high extracellular concentrations which might be produced by the 
counter current mechanism suggested by Wirz, Hargitay & Kuhn (1951). 
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Studies of plasma volume, red cell volume and total blood volume 
in young growing rats. By E. H. Betcuer and Emeen B. Harriss. 
Department of Physics, The Institute of Cancer Research, Royal Cancer 
Hospital, London, 8.W. 3 


Development of platelet-like activity on storage of crude egg 
phospholipid. By Erne. Browett and Rosemary Biees. Department 
of Haematology, Radcliffe Infirmary, Oxford 


At least part of the activity of platelets in promoting blood coagulation appears 
to be due to phospholipid (Quick, 1947; Wolf, 1956). Investigations directed 
towards identification of the active phospholipid have been hampered by the 
difficulty that purified preparations and especially synthetic phospholipids are 
much less readily emulsified than crude mixtures. To overcome this difficulty 
Poole & Robinson (1956) mixed their test phospholipids with purified egg 
lecithin which was itself inactive. We used this technique, first with purified 
egg lecithin prepared on chromatographic columns by Lea & co-workers; later 
we prepared crude egg lecithin ourselves which, when fresh, appeared to be 
quite satisfactory, being inert in the thromboplastin and thrombin generation 
tests but very effective in emulsifying otherwise insoluble phospholipids. On 
storage in an evacuated desiccator, over phosphorus pentoxide at room 
temperature, such preparations acquired the ability to replace platelets in 
these coagulation tests but remained inert if stored in solution in chloroform 
at —20°. Paper chromatography of hydrolysates revealed no change in the 
ninhydrin-positive contaminants of the phosphatidyl choline. Although the 
browning of the phospholipid and development of activity was accompanied 
by a decrease in opacity of the solution in water, the inactive material also was 
readily emulsified; ultrasonic vibration caused a decrease in opacity to a point 
approaching that of the brown material, but without producing more than a 
trace of activity. Purified phosphatidyl choline did not develop activity on 
storing under conditions which led to browning. 

The browning of phospholipids is the result of a variety of complex oxidizing 
reactions and the present findings may indicate that the attention of workers 
interested in the coagulant properties of phospholipids might profitably be 
directed to constituents likely to be produced by oxidation reactions. 


We thank Dr C. H. Lea for a sample of purified egg lecithin, and the Nuffield Haematological 
Research Fund for financial support. 
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The relationship between bromsulphthalein plasma concentra- 
tion and the dye content of the liver and bile after single 
injection in anaesthetized dogs. By T. G. Ricuarps, V. R. 
and A. Youne. Departments of Physiology and Histology and the Depart- 
ment of Mathematics, University of Liverpool. 

It is well known that bromsulphthalein (BSP) is taken up rapidly by the 

liver and less rapidly removed in the bile (Wirts & Cantarow, 1942). 

Acute biliary fistulae were made in anaesthetized dogs. A standard dose 
(5 mg/kg) of BSP was injected intravenously and blood samples were taken 
at frequent intervals over a period of 1 or 2 hr. Bile was collected in 10 or 
15 min periods throughout each experiment. The plasma BSP concentration 
was estimated using a modification of Gaebler’s method (Gaebler, 1945). 

The log plasma concentration was plotted against time. It has been found 
already (Aird, personal communication; Evans, 1953) that, for human subjects, 
the concentration of BSP in the blood, X say, can be expressed by the equation 

x Ae*'! + Be-*s!, 

where A, B, k and k, are constants, and ¢ is the time from injection, and this 
is also the finding in dogs. It has now been found possible to fit values for 
these constants to observations, and to deduce therefrom the rates of trans- 
ference of BSP from plasma to liver, from liver to plasma and from liver to 
bile. The amount of BSP in the liver and in the bile can be deduced solely 
from observations of the plasma content. A method has been devised to 
estimate the amount of dye in the liver. Agreement with values predicted 
from the plasma concentrations is reasonable in the case of liver content; in 
the case of the BSP excreted in the bile, the predicted quantities substantially 
exceeded the quantities collected in the early course of the experiments. It 
seems probable that this is due to dead-space delay in the appearance of the 
dye since, if the terminal BSP content of this space be added to the total 
amount of dye excreted, it is then found to be reasonably in accord with the 
predicted excretions. 

The mathematical model of the process gives good qualitative explanations 


of the rates of excretion of BSP in the case of single injection and also for a 
continuous injection. 


REFERENCES 
Evans, R. L. (1953). Science, 117, 718-719. 
Gaebler, O. H. (1945). Amer. J. clin. Path. 15, 452. 
Wirts, C. W. & Cantarow, A. (1942), Amer. J. dig. Dis. 9, 101-106. 


To 
hav 
(cf. 
nee 
the 
the 
thr 
the 
co 
of 
in 
in 
b 
b 


SOCIETY, 19-20 JULY 1957 


Normal drinking in rats. By J. T. Frrzsmons. The Physiological 
Laboratory, University of Cambridge, and the R.A.F. Institute of Aviation 
Medicine, Farnborough, Hants 

To study normal water intake control in rats continuous records of drinking 
have been taken. 90%, of the 24 hr voluntary water intake was taken at night 
(cf. Siegel & Stuckey, 1947), drinking occurring steadily. There was no initial 
peak resulting from a water deficit incurred during the day. To test whether 
need for water was the only factor causing nocturnal drinking, rats were given 
their expected water requirements by continuous intragastric infusion and at 
the same time voluntary drinking was recorded. Water was infused at 1 ml./hr 
through a soft polyvinylchloride tube (outside diameter 2 mm) implanted in 
the stomach and brought subcutaneously to the back of the neck. Under these 
conditions voluntary drinking was partly suppressed but the previous pattern 
of nocturnal predominance persisted even after a 5-day infusion. The water 
infused was sufficient to maintain fluid balance because control animals which 
were infused at the same rate but not allowed to drink showed normal food 
intakes and weight gains. Thus thirst, a homoeostatic drive usually activated 
by water deficit, is not the mechanism causing drinking in infused rats. 

It has been shown that the rat has a 24 hr rhythm of activity influenced by 
but not dependent on surrounding conditions (Kleitman, 1949). The nocturnal 
emphasis on drinking could be due to a rhythm similar to and perhaps linked 
to the activity rhythm or perhaps to a feeding rhythm. Another possibility is 
that drinking is a periodic event dependent on external conditions, i.e. an 
extrinsic cycle as opposed to an intrinsic rhythm. There is some evidence in 
favour of both explanations. Thus, under continuous light in a temperature 
and humidity controlled room, the preceding pattern is still present after 10 
days, while if the lighting sequence is reversed so that it is dark during the day 
and light at night it takes about 3 days for the drinking pattern to become 
synchronized with the new lighting sequence. This supports the idea of a 
rhythm; however, it is also clear that light inhibits and dark stimulates 
drinking. During a 16 hr day drinking occurs mostly in the dark periods, but 
there is more drinking if the dark period coincides with solar night than solar 
day. Conversely, the light periods have an inhibitory effect, but again the 
underlying 24 hr rhythm results in a greater inhibition when the light period 
coincides with solar day. 

Drinking is not, therefore, solely governed by thirst when water is abundant. 
There is an underlying rhythm which may be modified by external conditions. 

I wish to thank Group-Captain W. K. Stewart for his interest and encouragement, and also the 
Director General, Medical Services, R.A.F., for permission to submit this communication. 
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Poppy alkaloids and glaucoma. By 8. A. E. Hakim. National Institute 
for Medical Research, Mill Hill, London, N.W.7 


Glaucoma from unknown causes accounts for up to 19% of blindness. Some 
understanding of its cause, mechanism and treatment may be gained from 
the study of a toxic glaucoma resulting from an iso-quinoline poppy 
alkaloid. 

Epidemics of glaucoma have been attributed to the seed-oil of 
Argemone mexicana. The seed-oil contains dihydrosanguinarine and 
sanguinarine. 

Raised eye tension was produced in animals by two poppy alkaloids, chelery- 
thrine and sanguinarine, poppy oils, and herb extracts (Hakim, 1954). Lieb 
(1956) showed that sanguinarine and seven other alkaloids also raised eye 
tension. 

When Argemone leaves were added to goat’s diet, some toxic substance(s) 
were absorbed and transmitted, for such milk fed to monkeys raised their eye 
tension. In another experiment on four monkeys, the cysteine fraction in the 
toxic goat milk and in their basic diet was greatly reduced. The milk toxins, 
uninhibited by cysteine, produced higher tension levels of 58 and 68 mm Hg 
(Schiotz tonometer) in two animals. The goat’s eyes did not appear to be 
affected. As sanguinarine forms only one-tenth of the alkaloids in Argemone 
leaves (Slavikova, 1955) it is probable that its other ingredients are also active. 
This experiment confirms the theoretical possibility of transmitting tension- 
raising herbal substances through milk. 

At least four alkaloids, which are not present in control goat milk, have 
been detected in milk of goats fed on Argemone leaves. 

A large number of active iso-quinoline alkaloids are distributed in hundreds 
of species of poppy-fumaria weeds, often invading cereal fields and pastures 
(Shakespeare, 1623) in most parts of the world. The weeds are potential sources 
of contamination of milk, cereals and other foods. 

Electrical stimulation of certain areas of the hypothalamus is known to raise 
eye tension in cats (Sallmann, 1955). It seemed possible that sanguinarine 
might produce its glaucoma effect by acting on and through the brain. In two 
conscious cats with a permanent cannula in the lateral ventrical (Feldberg & 
Sherwood, 1954) 0-1 mg sanguinarine, i.e. 1/100 of the effective intravenous 
dose, was injected intraventricularly. This caused an immediate rise of eye 
tension. In one cat in which eight injections were repeated every second day, the 
raised tension was maintained for ten days after the last injection. Sanguina- 
rine may thus contribute to the understanding of the physiology of the cerebral 
control of eye tension and to the glaucoma problem. 
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Initiation of clotting and formation of plasma pain-producing i 
substance by contact with glass. By J. Marcouis. Middlesex 4 
Hospital Medical School, London, W.1 ; 


Transamination by the small intestine in vivo. By K. D. Nzame and _ 
G. Wiseman. Department of Physiology, University of Sheffield a 
It has been shown by experiments in vivo in the dog that transamination by 
the small intestine occurs during the absorption of glutamic acid (Neame & 
Wiseman, 1957). Further experiments have been carried out in vivo in the dog, 
cat and rabbit to investigate the occurrence of transamination and also its 
relationship to the oxo acid levels in mesenteric blood. 
The small intestine of the anaesthetized animal was washed out with isotonic 
saline, ligated at both ends, and then a neutralized 2°, glutamic acid solution a 
(about 8 ml./kg body weight) introduced into the lumen. Thirty minutes later = 
blood was collected from the superior mesenteric vein and from the aorta. { 
The glutamic acid and alanine concentrations in these samples were estimated 
as described by Neame & Wiseman (1957) and the oxo acids by the method 
of Goodwin & Williams (1952). The blood oxo acids were examined by 
paper chromatography (Cavallini, Frontali & Toschi, 1949) which showed 
| only pyruvate and «-oxo-glutarate to be present. 
An examination of the anatomy of the dog, cat and rabbit revealed that 
the mesenteric venous blood collected represented drainage from the small 
and large intestine. In the case of the dog and cat, where the large intestine 
is short, transamination by the small intestine (as indicated by the rise in the 
alanine concentration of the blood as it passes through the intestine) is 
demonstrable with all the intestine present. In the case of the rabbit, 
however, the large intestine is of considerable size, and it must be removed 
in order to demonstrate the appreciable transamination by the small intestine. 
The blood «-oxoglutarate concentration remained low in the dog, cat and 
rabbit, and no significant alterations were observed. In the rabbit, the blood 
draining the experimental portion of intestine (containing the glutamic acid 
solution) always showed a lower pyruvate concentration than the arterial 
blood coming to the intestine. In the dog and cat, however, there were no 
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significant alterations in the pyruvate concentrations. Thus, the over-all oxo 
acid concentrations in the intestinal blood are not appreciably affected by any 
oxo acids involved in the transamination of absorbed glutamic acid. 
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The effect of a polar environment on the basal metabolic rate in 
man. By H. E. Lewis, J. P. Masterton and 8. Rosensaum. Medical 
Research Council Laboratories, Hampstead, London, N.W. 3 


Effects of activity and food intake on diurnal variations of body 
temperature. By E. M. Giaszr. Department of Physiology, University 
of Malaya, Singapore* 

Evidence that induced variations of body temperature may be superimposed 

on diurnal cycles of rectal temperature (Macpherson, 1957) led to the question 

whether the diurnal cycles themselves could be responses to cyclic changes of 
activity, food intake, or environmental temperature. 

Five tests were performed at intervals of 4-28 days on one acclimatized man 

in a warm climate (p.B. 28-31° C; w.B. 26—27° C). On rising at 7 a.m. the rectal 

temperature was 36-9-37-3° C; at 10.30 a.m., after breakfast and someactivity, 
it was 38-5-38-7° C in four tests and 37-8° C in one. If during the next 6 hr the 
subject took no food and did desk work at about 60 kcal/m?/hr, the rectal 
temperature fell to 36-0° C. Exercise for 6 min at a rate of 316 kcal/m?/hr 
abolished the fall of the rectal temperature for 30 min. If at midday a light 

meal was taken and active laboratory work done for 60-90 min at 70-85 

kcal/m*/hr, the fall of the rectal temperature during 6 hr was only 0-35-0:8° C. 

Open-air exercise and food between 5 and 7 p.m. raised the rectal temperature 

to 38-8-39-2° C. 

This means that unusual rhythms of food and activity may produce unusual 
diurnal cycles of body temperature. Correlations between the environmental 
temperature and the body temperature are established (Glaser & Newling, 
1957), and it appears possible, therefore, that diurnal rhythms of body 
temperature are linked with diurnal variations of heat production and heat 
dissipation. 

‘ 1 Present address: Department of Physiology, The London Hospital Medical College, London, 
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Surface area of the cat. By J. P. Greaves. 
Royal Free Hospital School of Medicine, London, W 


Formulae relating surface area to body weight have bea seks for a variety 
of species, but not hitherto for the domestic cat. Such a formula has been 
determined in the following way. 

Thirty-five cats of known weight, from newborn to adult, were skinned after 
terminal experiments, and the skin spread fur uppermost on a glass sheet. The 
outline of the skin, including ears, was drawn on to the glass with a wax pencil, 


800 500 1200 1600 2000 2400 2800 3200 3600 4000 4400 
Weight (g) 
Fig. 1. Surface area of twenty-four cats over 800 g weight, showing scatter about the estimated 
area derived from the weight by the regression equation : 


traced on to ‘ansiniae paper by illuminating the glass from beneath, and cut 
out. Two pieces were cut for each ear and paw, which were severed without 
skinning. By weighing the area of this paper outline, and a known area cut 
from the same sheet, the surface area of the cat was determined. The weight 
distribution of individual sheets was found to be uniform. 

The simplest formulae relating surface area (A) to weight (W) are of the 
form A=kW?. By plotting log A against log W and calculating the linear 
regression of log A on log W the constants k and p were determined. 

The equation calculated for the full range (thirty-five cases) is 

A=4-717 W°7%+30% (r=0-989). 
Examination of the figures suggested that more accurate and practically useful 
equations would be derived by taking into account the age of the animal and 
dividing the cases into two groups. Thus for cats of 800 g and upwards, the 


uation is 
A=14-15 (r=0-965) (see Fig. 1). 
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The value of p in this equation is very near the commonly used theoretical §. 
Two-thirds of the estimated values for area given by the second equation lie 
within 10° of the measured values, and all estimates are within 15%. 


The change with age in the critical oxygen concentration of kitten 
liver slices. By I. 8. Lonemurr and R. E. Moors. Institute of Diseases 
of the Chest, London, S.W.3, and Royal Free Hospital School of Medicine, 
London, W.C.1 

It has been demonstrated that the oxygen consumption of the foetal and new- 

born animal is determined to some extent by the oxygen supply (Acheson, 

Dawes & Mott, 1956; Moore, 1956). One possible explanation of this pheno- 

menon is that the oxygen concentration below which tissue respiration is 

limited, the critical oxygen concentration, decreases with age. 

Using a polarographic technique (Longmuir, 1957), isolated liver cells 
prepared as described by Longmuir & ap Rees (1956) showed no endogenous 
respiration and no change with age in the critical oxygen concentration when 
supplied with succinate substrate. Liver slices (0-11 mm), however, which do 
respire without a substrate, did show a two- or threefold reduction in the 
critical oxygen concentration with advancing age between 6 hr and 14 weeks. 
The change was most marked over the first 2 days. 
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The effect of thyroid hormone on the resistance to cold, and on 
the oxygen consumption of adrenalectomized and thyroidec- 
tomized mice. By 8. N. Gansu and Mary F. Locxetr. Department 
of Physiology and Pharmacology, Chelsea Polytechnic, London, S.W.3 

Thyroidectomized-adrenalectomized salt-maintained mice exposed to cold, 

showed, by comparison with mock-operated mice, a decrease in survival time 

which was greater than that shown by adrenalectomized salt-maintained 
mice. The cold-survival times of both these groups of operated animals were 
similarly increased by the daily administration, for 7 days, of either dried 
thyroid gland 3-6 mg by stomach tube, or of thyroxine 2-5 pg by intra- 
muscular injection. The mean slopes of curves relating log. dose of hormone to 
percentage increase in the survival time of adrenalectomized mice exposed to 
cold were 33-1 for thyroid treatment, but 66-8 for cortisone therapy; these 
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slopes differed significantly. Moreover, large doses of dried thyroid gland, 
e.g. 24 mg dried thyroid or 10 ug thyroxine, daily, accelerated death from cold. 

Oxygen consumption, which was measured after a fast of 4 hr, was found to 
be reduced by 25% 1 week after either adrenalectomy or thyroidectomy. 
Subsequent adrenalectomy did not further reduce the oxygen consumption of 
thyroidectomized mice. Whereas daily oral dosing with 3 mg dried thyroid 
gland caused significant increase in the oxygen consumption of thyroidecto- 
mized and of normal mice in 6 days, similar treatment with 6 mg dried thyroid 
gland daily for 13 days did not raise the oxygen consumption of salt-main- 
tained adrenalectomized and thyroidectomized-adrenalectomized mice. Even 
40 wg thyroxine intramuscularly, daily for 14 days, failed to increase the 
oxygen consumption of adrenalectomized and adrenalectomized-thyroidecto- 
mized mice. It must therefore be concluded that the small but significant 
increase in the resistance of adrenalectomized mice to cold, which results from 
3 mg dried thyroid gland or from 2-5 yg thyroxine daily, cannot be related to 
the effect of thyroid hormones on metabolic rate. These latter doses of thyroid 
hormones were without effect on the weight, 28-35 + 0-81 (348) g of the male 
mice used for these experiments. Mice ate ad libitum. 


The effect of oestrogens on adrenocortical function in rats. By 
MaRGARETHE HouzBaveR. Department of Pharmacology, University of 
Edinburgh 

When rats are injected with hexoestrol their adrenals become enlarged and 

lipid depleted. The blood ACTH-level is increased (Gemzell, 1952). When 

measured under conditions of operative stress, secretion (Vogt, 1955) and 
stores (Holzbauer, 1956) of corticosterone were found to be reduced in such 
adrenals. 

The object of the present work was: first, to find out whether other synthetic 
oestrogens or the naturally occurring hormone produce a similar effect under 
‘conditions of stress’, and, secondly, to obtain information on the secretory 
capacity of adrenals of hexoestrol-treated rats under ‘resting conditions’. 

(1) Evidence was obtained that the corticosterone secretion of maximally 
stimulated rat adrenals is significantly reduced when the animal is pretreated 
with chlorotrianisene (tri-p-anisylchloroethylene) or ethinyloestradiol. With 
- the naturally occurring hormone oestradiol-178 such inhibition was less con- 
sistently seen. This inhibition can probably be explained in a similar way as 
that caused by hexoestrol, namely by interference with cholesterol synthesis. 
The ability of rat liver slices to synthesize cholesterol from **C-acetate in vitro 
was found to be diminished not only in animals pretreated with hexoestrol, but 
also after ethinyloestradiol or oestradiol-178 (McGuire, 1956). 
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(2) Adrenals of hexoestrol treated rats, which were killed by rapid decapi- stu 
tation 10-17 hr after the last of six daily hexoestrol injections, contained nearly ass 
double the. amount of corticosterone per kg body weight than those of the act 
controls. In previous work it had been found that increased hormone stores shi 
in an adrenal indicate increased corticosterone secretion before death and mé 
vice versa (Holzbauer, 1956). Therefore these results can be interpreted as an oe 
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indication of increased adrenocortical activity in hexoestrol treated rats under 
resting conditions. They explain the adrenal-dependent involution of the 
thymus observed in such rats (Brolin & Hellman, 1953). 

Oestrogens thus seem to exert at least a dual influence on adrenocortical 
function of rats. First, they stimulate the release of ACTH from the anterior 
pituitary; this causes hypertrophy of the adrenal cortex and increase in the 
resting secretion of corticosterone. Secondly, they inhibit the synthesis of 
cholesterol; this is reflected in a decreased corticosterone secretion under 
conditions of maximal stimulation of the gland. 
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A plain-muscle stimulant in the menstruum. By V. R. Pickuzs. 
Department of Physiology, University of Sheffield 


Quantitative studies on mating behaviour of spayed female cats 
stimulated by treatment with oestrogens. By R. P. Micuar. and 
Parricia P. Scorr. Department of Neuroendocrinology, Institute of 
Psychiatry, Maudsley Hospital, London, and Department of Physiology 
Royal Free Hospital School of Medicine, London 


The appearance of mating behaviour in female animals which are periodically 
receptive to the male, is synchronized with the general tissue changes which 
lead to successful fertilization and implantation. The central nervous system, 
which mediates the behavioural responses associated with coitus, can be | 
regarded as a target organ for the ovarian hormones. The response of this 
central mechanism has been studied in thirty-seven ovariectomized cats to 
which oestrogens were administered subcutaneously in ethyl oleate, in daily 
doses ranging from 1 to 1000 yg. Receptivity was assessed by daily 10 min 
mating tests, using specially trained male cats. The vaginal responses were 
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studied by daily vaginal smearing. The end-point chosen for quantitative 
assessment of behavioural change was the first occurrence of full mating 
accompanied by the presence of sperm in the vaginal smear. A linear relation- 
ship was found to exist between the log. of the latent period (days) to the 
mating response, and the log. of the daily dose administered. Using stilb- 
oestrol-di-propionate no significant difference was found between experi- 
ments conducted in winter and summer months, indicating that under the 
laboratory conditions of these experiments there was no seasonal variation in 
sensitivity of the mating response to oestrogen. The regression lines for 
stilboestrol-di-propionate and oestradiol were parallel, enabling a potency ratio 
to be calculated for these substances. The slopes 1-950+0-63 (stilb.) and 
2-102 + 0-125 (oest.) which do not differ significantly from 2-000 indicate that 
the results can be expressed on a linear scale by a simple inverse square-law 
relationship. 

In experiments with doses below 12 wg/day where the latent period to 
mating exceeded 7 days, the appearance of a fully cornified vaginal smear 
invariably preceded the mating response. Using stilboestrol the mean time to 
cornification was significantly shorter than the mean time to mating (P = 0-05). 
Where mating occurred between 7 and 132 days there was a linear regression 
of the logarithms of the ratio of the times to cornification and mating on dose, 
but the slope was significantly different from zero. Consequently, the relation- 
ship between the response-times for cornification and mating was not a con- 
stant one for different doses. 

It has been found that despite the difficulty which had been anticipated in 
controlling the many factors which influence the interaction between two 
animals in a test situation, the specialized postural responses and changes in 
mood which result in mating, occurred in a predictable manner. 


This work was carried out during the tenure of an M.R.C. Fellowship in Clinical Research 
by R. P.M. 


Alterations in vagally stimulated gastric contractions after a 
period of fast repetitive vagal stimulation. By A. A. Harper, 

C. Krpp* and T. ScratcHerD. Department of Physiology, Medical School, 
King’s College, Newcastle upon Tyne 1 
Gastric contractions have been recorded in response to repeated periods of 
stimulation at a ‘slow’ rate applied to a branch of one or other of the ab- 
dominal vagus trunks, and the effect on these responses of interpolating a 
period of stimulation at a ‘fast’ rate has been studied. 
The experiments were performed on cats, anaesthetized with chloralose. The 
splanchnic nerves were cut and gastric motility was recorded by a method 
* Junior Lucecock Research Fellow in the University of Durham. 
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previously described (Harper, Kidd & Scratcherd, 1956). One or two of the 
branches from the left and right vagus nerves which form the abdominal vagus 
trunks were cut, and the peripheral end of one branch was stimulated at a 
‘slow’ rate (1-5/sec). Square wave pulses (1 msec, voltage sufficient to produce 
a constant maximal contraction) were applied for periods of 3-30 sec at 1 min 
intervals. When ‘fast’ stimulation (25-50/sec) was applied to the same nerve 
for a period of 3~30 sec, the subsequent contractions in response to the ‘slow’ 
stimulations were enhanced for periods up to 7 min (Fig. 1). 


cm H,O 


min 
Fig. 1. Effect on gastric motility of stimulation of the peripheral end of the ventral vagus trunk. 


8 =slow stimulation at 5/sec, 1-0 msec pulses, 20 V for 15 sec. F = fast stimulation at 50/sec, 
1-0 msec pulses, 20 V for 30 sec. 


Similar effects were observed when the ‘slow’ stimulation was applied to one 
vagal branch, and the ‘fast’ stimulation to another. Section of the vagus 
nerves in the neck usually increased both the response to ‘slow’ stimulation 
and its enhancement after ‘fast’ stimulation. In some experiments a retro- 
grade injection into the splenic artery of 1 mg choline chloride was substituted 
for the period of ‘fast’ stimulation. This also was followed by an increase in the 
response to ‘slow’ stimulation for periods up to 7 min. 


REFERENCE 
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The mode of action of sympathomimetic amines in inhibiting 
gastric secretion. By E. H. L. Harries. Department of Physiology, 
Unwersity of Birmingham 

Thompson & Vane (1953) and Code & Forrest (1954) suggested that the inhibi- 


tory action of adrenaline or noradrenaline on gastric secretion was due to a 
vascular effect. Harries (1956) opposed this view. 
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Gastric secretion, in dogs with simple gastric fistulae, was stimulated by a 
constant intravenous infusion of histamine acid phosphate (0-3-0°6 yg/kg/min). 
When the gastric secretory response was steady, isopropylnoradrenaline was 
infused simultaneously (0°75-1-50 yg/kg/min) for 60min. Isopropylnor- 
adrenaline was less active than noradrenaline in inhibiting gastric secretion, 
having a potency about 25% of that of noradrenaline. 

Ahlquist (1948) found that isopropylnoradrenaline was a vasodilator to the 
mesenteric vascular bed of the dog, therefore the inhibitory action of isopropyl- 
noradrenaline is unlikely to be due to vasoconstriction. It is far more likely 
that adrenaline, noradrenaline and isopropylnoradrenaline have some common 
site of action, which is not the vasculature of the stomach. 
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Fig. 1. Dotted line represents secretory response to 4 units of insulin intravenously at 60th min. 
Continuous line represents secretory response to 4 units of insulin as before, but with intra- 
venous infusion of noradrenaline 1-2 yg/kg/min from 40th to 120th min of experiment. 


Other experiments have been performed in which vagal type of secretion has 
been produced by intravenous injection of insulin (4-8 units). The amount of 
juice obtained (equivalent to about 5-0 m-equiv of acid) was similar to that 
produced by subcutaneous injection of 0-5 mg histamine acid phosphate. 
Whereas an infusion of noradrenaline equivalent to 1-2 ug/kg/min caused very 
little diminution in the secretory response to histamine, the response to insulin 
was usually abolished (see Fig. 1). Noradrenaline is reputed to have only slight 
effect in raising the blood sugar, and in one experiment in which insulin and 
noradrenaline were given, the dog showed symptoms of hypoglycaemia but 
yet gave no gastric secretion. | 

It seems improbable that the site of action of adrenaline and noradrenaline 
in inhibiting gastric secretion is on the blood vessels. They might act on 
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parasympathetic ganglia in the stomach wall, inhibiting a vagal tone on k 

gastric secretion. t 
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Rate of disappearance of injected oxytocin from the blood. By 
R. R. Coaupuury and J. M. WaLker. The Department of Pharmacology, 
University of Oxford 

Previous workers have shown that vasopressin, injected intravenously into 

‘rats, disappears rapidly from the blood with a half-life of 0-85 min, and that 
the disappearance is retarded by removal of the kidneys (Ginsburg & Heller, 

1953). We have now performed similar experiments with oxytocin in rabbits. | 


2 4 6 8 170 
Min after injection 
Fig. 1. Disappearance of injected oxytocin from the blood of rabbits. @, normal rabbits; 
O, rabbits whose kidney vessels had been tied. 


Rabbits (1-5-2-0 kg) were anaesthetized with urethane, and blood was 
collected through a polythene cannula in the carotid artery. Oxytocin 
(200 mU/100 g) was injected into the ear vein, and samples of blood were taken 
at intervals after the injection, extracted by a modification of the method of 
Bisset & Walker (1954) and assayed on the rat uterus. The results set out in 
Fig. 1 show that oxytocic activity was not detectable after about 10 min, the 
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half-life being 3-3 min. In animals whose kidney vessels had been tied before 
the injection, disappearance was retarded, the half-life being 9-7 min. 

Preliminary experiments suggest that injected vasopressin disappears from 
the blood of rabbits at about the same rate as oxytocin. 
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Thyroxine and histamine release in the rat. By J. R. Parrarrv. 

Department of Pharmacology, School of Pharmacy, University of London 
Egg-white and dextran release histamine and 5-hydroxytryptamine (5-HT) 
when injected into rats, and this release gives rise to the characteristic ana- 
phylactoid reaction. Previous injections of thyroxine modify this reaction 
considerably, and after thyroxine both dextran and egg-white cause a shock- 
like condition which often leads to death (Leger & Masson, 1948). The reasons 
for this increased susceptibility have now been investigated. 

Daily subcutaneous injections of sodium-L-thyroxinate (1 mg/kg) for 1-3 
weeks do not alter the histamine levels in any of eighteen tissues studied 
(unlike the results of Gotzl & Dragstedt, 1940). On the other hand, the 5-HT 
levels in five different skin regions are approximately doubled, although mast 
cells are unaffected: Urine analysis shows up to a fivefold increase in free 
histamine in both male and female animals. 

Injections of histamine liberators (e.g. dextran and egg-white) into animals 
so treated produce a marked fall in blood pressure and about 70% of the rats 
die within 2 hr. The most striking post-mortem findings are severe petechial 
haemorrhages and oedema of the submucosa of the small intestine and caecum ; 
frequently blood is found in the lumen. Pratt (1935) has described a similar 
picture in rats during anaphylactic shock. 

Injections of dextran into normal and thyroxine-treated animals release 
similar amounts of histamine and 5-HT from tissues, and produce a tenfold 
increase in the blood histamine level. This maximal level occurs within 15 min 
from the time of injection but, whereas the blood histamine in normal animals 
returns to the basal level in about an hour, that in the thyroxine-treated 
animals remains high until death. This result suggests that the thyroxine 
treatment decreases the ability of the rat to detoxicate released histamine, and 
it is found that the histaminase content of the ileum (estimated by the method 
of Wicksell, 1949) is reduced by 47% in the thyroxine-treated animals. This 
latter finding may also explain, in part, the increased susceptibility of 
thyroxine-treated rats to injected histamine. 
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These experiments give added support to the suggestion of a relationship 
between histamine metabolism and the thyroid gland (Feldberg & Loeser, 
1954). 
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The effects of intravenous pyrogen upon the radiant heat 
induced vasodilatation in man. By D. R. Cotss,* K. E. Coopzr, 
W. I. Cranston and F. Goopa.s.t M.R.C. Group for Research on Body 
Temperature Regulation, Department of the Regius Professor of Medicine, 
the Radcliffe Infirmary, Oxford 

When the human trunk is exposed to radiant heat, reflex vasodilatation occurs 

in the hand within 15 sec (Cooper & Kerslake, 1950). This response has been 

investigated during the vasoconstriction induced by intravenous injection of 

a purified lipopolysaccharide obtained from S. abortus equi (Westphal & 

Liideritz, 1954). 

After intravenous injection of this pyrogen, there is a delay of over 45 min 
before the onset of cutaneous vasoconstriction and a rise of central body 
temperature. After injection of small doses of the lipopolysaccharide (0-08- 
0-15 wg) radiant heating still produced vasodilatation, although the resting 


hand blood flow had fallen to very low levels. After larger doses (0-2-0-3 yg) . 


the reflex vasodilatation was not seen, although it was partly restored in one 
hand by heating the plethysmograph to 42°C. At the same time, the reflex 
response was still absent in the opposite hand. Neither the vasoconstriction 
nor the reflex vasodilatation occurred in the nerve-blocked hand. 

It is thought that the pyrogen acts centrally, and it is unlikely that the reflex 
mechanism is responsible for the initiation of vasoconstriction. There is no 


evidence that the pyrogen, or any substance liberated by it, has a direct effect 
upon the blood vessels of the hand. 


* Medical Research Council Fellow in Clinical Research. 
+ U.S. Public Health Service Research Fellow of the National Heart Institute. 
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The relation between the coefficients for heat exchange by 
convection and by evaporation. By D. McK. Kerstaxe and 
J. L. Wappet. R.A.F. Institute of Aviation Medicine, Farnborough, 
Hants 


The transfer of water vapour across a boundary air layer is analogous to the 
transfer of sensible heat across the same layer. The relation between wind 
speed and heat or water vapour transfer is complex, but physical considerations 
suggest that the coefficient for transfer of water vapour should bear a constant 
relation to the coefficient for convective heat transfer at all air movements and 
for all body shapes, provided that the partial pressures of water vapour are 
small compared with the total atmospheric pressure (Jakob, 1949). It has been 
stated that the ratio of the evaporation coefficient (kcalm~*hr-'mm Hg-) to 
the convection coefficient (kcalm~*hr-?°C-*) over the physiological range may 
be taken as 2-0 (Woodcock, Powers & Breckenridge, 1956). 

The relation has been examined for three bodies, a thermometer bulb, a 6 in. 
diameter sphere and a full-size dummy man. The objects were covered with 
wetted fabric, and their temperatures and rates of evaporation were measured 
in controlled environments at different air movements. The evaporation 
coefficient, k,, and the sum of the convection and radiation coefficients (k, + k,), 
could be found for each circumstance. Plotting k, against (k,+k,) for each 
body gave a straight line with an intercept representing k,. The slopes, giving 
the ratio of k, to k,, were respectively (+8.£.) 1°94+0-038, 1-90 + 0-073 and 
1-77 + 0-169. 
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Effect of umbilical venous occlusion on the circulation of the 
foetal sheep. By D. A. Davey* and R. F. Morrram. Department 
of Physiology, St Mary’s Hospital Medical School, London, W.2 


Umbilical blood flow has been measured by a modification of the venous 
occlusion plethysmographic technique as described by Cooper, Greenfield & 
Huggett (1949). In this method the reduction in foetal volume is measured 
when the umbilical veins are occluded. The modifications introduced are that 
the umbilical veins are occluded without concomitant compression of the 
arteries, and the volume changes in the plethysmograph are measured by the 
electrical volume recorder of Cooper & Kerslake (1951). A recent criticism is 
that if the point of occlusion of the umbilical veins is some distance from the 
plethysmograph, then blood will drain from the portion of the veins between 

* M.R.C. Clinical Research Fellow. 


q 
i 
| 
aw 
ak 
i! 
43 
| 
~ 
ta 
i 


54 P PROCEEDINGS OF THE PHYSIOLOGICAL 


the occlusion point and the plethysmograph into the foetus. This will tend to 
cause an increase in foetal volume during occlusion and will give rise to 
umbilical blood flow measurements which are too low by 5-30%. Placing the 
occlusion point of the umbilical veins at the level of the water in the plethys- 
mograph will obviate this criticism. Although this was not done in the experi- 
ments performed by us, the effects of venous occlusion on foetal circulation, 
reported here, are not affected by this fault in technique. 

Occlusions of 24 sec duration were carried out at 10, 15 or 20 sec intervals. 
Foetal arterial blood pressure, and in some experiments the umbilical venous 

pressure on the placental side of the occluding balloon, was measured. 

In the normal foetus we observed that there was a slight fall in arterial blood 
pressure during occlusion and no systematic change in pulse rate. During the 
first second after release from occlusion there was usually a more pronounced 
fall in arterial blood pressure, followed by a complete recovery within 4 sec. 
Bradycardia and an increase in pulse pressure were observed as the blood 
pressure returned towards normal. Venous pressure invariably rose throughout 
the period of occlusion causing a reduction in blood flow towards the end of 
occlusion. 24 sec occlusions repeated at the rate of 3 per min never caused any 
persistent effect on the foetal arterial blood pressure or pulse rate. We suggest 
that the small fall of arterial blood pressure that occurs during venous occlusion 
is due to a reduction in venous return and that the large fall following release 
of occlusion is due to a sudden reduction of total peripheral resistance. 

In experiments in which hypoxia was produced by administering 10% 
or 5%, oxygen in nitrogen mixture to the mother there was sometimes a 
c ver to a rise in blood pressure during venous occlusion, returning to 
normal on release. This change was accompanied by the onset of a persistent 
bradycardia. | 

uggett. 
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The high-temperature tolerance of mice reared at two different 
temperatures. By G. Ainswortu Harrison. Department of Anatomy, 
University of Liverpool 

C57 BL x RIII hybrid mice reared from 3 to 8 weeks of age at 90° F v.s., 

85° F w.s. (heat reared) survive longer at a temperature of 107° F p.3., 

85° F w.s. (heat shock) than litter mates reared at 70° F p.s., 61° F w.s. 

(control reared). Transference of heat reared animals to the control environ- 

ment 48 hr before their exposure to the lethal temperature does not significantly 
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reduce their survival time, but animals transferred to the hot environment 48 hr 
before being heat shocked live significantly longer than litter mates who have 
had no previous high temperature acclimatization ; though they do not survive 
as long as the animals reared in the heat (including those which have spent 
48 hr at 70° F). The hybrids survive longer when heat shocked than the 
inbreds from which they were derived, but it is as yet uncertain whether their 
capacity to acclimatize is greater. 

The longer tails of the heat-reared animals appear to facilitate survival 
during heat shock since heat reared animals whose tails were amputated at 
3 weeks died significantly sooner than otherwise identical litter mates. 


This work has been made possible through the facilities generously placed at my disposal at the 
Medical Research Council Climate and Working Efficiency Unit, Department of Human Anatomy, 
Oxford. 
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Hexoestrol, cholesterol and inhibition of 
adrenal cortex by (rat), 461 
» thyroxine effect on 
(rat), 51P 


xviii 
| 
j Gastric secretion, sympathomimetic 
; amines mode of action in inhibiting 
(dog), 48P 


SUBJECT INDEX xix 


Humeral breathing, tracheal 
comparison with (chicken), 287 
Hydroxytryptamine, gastro-intestinal 
tract containing liberator of (dog), 
489 
non-medullated afferent fibre activity 
affected by (rabbit), 34 
peristalsis affected by (guinea-pig), 12 P 
pyrogen release of (rabbit), 429 
skin permeability to Na and K affected by 


(frog, toad), 496 
; parabiosis and 
(rat), 16P 


, technique for studying 
drugs action during (monkey), 6P 
Hypoxia, heat production in new-born 

affected by (man), 156 


Inferior colliculus, single unit response to 
binaural stimulation in (cat), 34P 
Inhibition, tendon organ afferents causing 

motoneurone (cat), 230 
Interclavicular sac, respiration through 
(chicken), 285 


effects of (cat), 187 


Irin, rapid purification and hamster colon 


use in assay of, 6P 


Kidney, cation content of (rat), 36P 
pee of separating glomeruli from (T), 
pressor activity of vasopressin excretion 
by (rat), 13 


Lactic acid, enzymic estimation of L(+ )-, 
3P 


Liver, pressor activity of vasopressin 
affected by (rat), 15 

Liver slices, age effect on critical oxygen 
concentration of (kitten), 44P 

Lungs, blood pressure—fiow relationship in 
(cat), 105 

elastic pressure-volume curves of living 

(rabbit), 474 


Magnesium, “Ca entry into giant axon 
affected by (squid), 264 
calcium antagonism at neuromuscular 
junction to (frog), 435 
neuromuscular transmission affected by 
(stick insect), 133 
Mating behaviour, oestrogens effect in 
spayed female on (cat), 46P 
Medullated nerve fibres, functional acti- 
vity measurement in whole nerve of 


specific groups of (rabbit), 19 


Membrane depolarization, “Ca entry 
into giant axon affected by (squid), 265 
Membrane potential, acetycholine ‘de- 
sensitization’ of motor end-plate af- 
fected by (frog), 71 
caesium and rubidium effect on skeletal 
muscle (frog), 149 
Menses, plain-muscle stimulant in (T), 
46P 
Motoneurones, tendon organ afferents 
synaptic actions on (cat), 227 
Motor end-plate, acetylcholine ‘desensi- 
tization’ of (frog), 63 
Muscle spindles, mammalian muscles of 
differing function containing (T), 9P 
» hormonal control during 
pregnancy of (rabbit), 1 


Neuromuscular junction, Ca and Mg 
antagonism at (frog), 435 

Neuromuscular transmission, ions effect 
on (stick insect), 119 

Neurone somata, diverse forms of activity 
in (crab, lobster), 341 

Nerve, functional activity measurement in 
specific groups of fibres in (rabbit), 19 

Nerve- blocked finger, body heating effect 
on heat elimination from normal finger 
and from (man), 446 

Nerve impulse, “Ca entry into giant axon 
during (squid), 263 

New-born, hypoxia effect on heat produc- 
tion of (man), 156 

Non-medullated afferent fibres, 5-HT 
and phenyl diguanide action on activity 
of (rabbit), 31 

Non-medullated nerve fibres, functional 
activity measurement in whole nerve of 
specific groups of (rabbit), 25 

Non-medullated nerve, glucose depriva- 
tion effect on post-tetanic hyper- 
polarization of (rabbit), 32 P 

Noradrenaline, sympathetic stimulation 
frequency effect on output from spleen 
of (cat), 84 


Oestrogens, adrenocortical function af- 
fected by (rat), 45P 
behaviour in spayed female 
affected by (cat), 46P 
variation during pregnancy of (rabbit), 3 
Oxytocin, parturition in rabbit induced by 
(T), 3P 
rate of disappearance from blood of 
injected (rabbit), 50P 


Pacinian corpuscle, sodium concentration 
and receptor potentials in, 31 P 


Intraventricular tubocurarine, pento- 
barbitone and chloralose influence on 7 

| 
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xx SUBJECT INDEX 


Pain-producing substance, glass initia- 
tion of clotting and formation of 
plasma (T), 41P 

Parabiosis, hypothalamic lesions in (rat), 
156P 

Parotid gland secretion, NaC! infusion 
effect in Na depletion on Na:K ratio of 
(sheep), 44 

Pentobarbitone, brain electrical activity 
under chloralose and (cat), 179 

Perfused cat, cerebrospinal fluid pressure 
and cardiac output in, 202 

Perfusion apparatus, Perspex (cat), 215 

Perfusion blood, vaso-active substances 
production in (cat), 215 

Peristalsis, 5-HT action on (guinea-pig), 
12P 

method of recording transport of fluid in 
isolated guinea-pig’s ileum during (T), 
iP 

Phenyl diguanide, non-medullated afferent 
fibre activity affected by (rabbit), 35 

Plasma ultrafiltrate, vasoconstrictor sub- 
stances in (man, rabbit), 407 

Poppy alkaloids, extraction and detection 
of, 8P 

glaucoma and (mammal), 40 P 

Post-tetanic hyperpolarization, glucose 
deprivation effect. on non-medullated 
nerve fibre (rabbit), 32P 

Posture, plasma vasoconstrictor activity 
affected by (man), 412 

Potassium, caesium and rubidium replace- 
ment in skeletal muscle of (frog), 140 

5-HT effect on movement through skin of 
(frog, toad), 496 

neuromuscular transmission affected by 
(stick insect), 126 

Pregnancy, hormonal control of myo- 
metrial function during (rabbit), | 

Procaine, stretch reflex after decerebration 
by anaemic method affected by (cat), 
28P 

Progesterone, variation during pregnancy 
of (rabbit), 3 

Protamine, “C-labelled chylomicron fat 
removal from circulation affected by 
(rat), 332 

Pulmonary blood flow, positive pressure 
respiration effect on (cat), 103 

Pulmonary vascular resistance, positive 
pressure ventilation effect on (cat), 108 

Pupillary dilatation, afferent fibres medi- 
ating reflex (cat), 25P 

Pyrogen, radiant heat induced vasodilata- 
tion affected by (man), 52P 

vasoconstrictor substances released by 
(rabbit), 418 


(stick insect), 125 


Radiant heat induced vasodilatation, 
pyrogen effect on (man), 52P 
Radioactive carbon, experimental method 
for sampling blood from various regi 
during metabolism of (T), 9P 
Rebound effect, antidromic inhibition of 
motoneurones and (cat), 392 
Recruiting response, y-aminobutyric acid 
effect on cortical (cat), 369 
Renal circulation, bladder dist effect 
after buffer nerves section on (cat), 316 
bladder distension in spinal animal effect 
on (cat), 304 
, catecholamines in sympathetic 
system affected by, 14P 
Respiration, tracheal and humeral airways 
in (chicken), 287 
Respiratory discharge, patterns of (cat, 
rat), 33 
Respiratory obstruction, positive pres- 
sure ventilation and (cat), 112 
Rubidium, potassium replacement in 
skeletal muscle by (frog), 140 


Salivary secretion, high water intake 
effect on (man), 35P 
Salt consumption, high water intake 
effect on (man), 35P 
Sex, energy expenditure in walking affected 
by (man), 165 
Skeletal muscle, potassium replacement 
by caesium and rubidium in (frog), 140 
Skin, 5-HT effect on Na and K movement 
through (frog, toad), 496 
Small intestine, transamination in vivo in 
(mammal), 41P 
Sodium, 5-HT effect on movement through 
skin of (frog, toad), 496 
neuromuscular transmission affected by 
(stick insect), 123 
parotid secretion Na:K ratio affected by 
rapid change in balance of (sheep), 44 
receptor potentials in Pacinian corpuscle 
affected by, 31P 
Sodium depletion, parotid secretion Na: K 
ratio affected by rapid increase in blood 
Na during (sheep), 44 
Speech, expiratory muscles involved in 
(man), 17P 
Spinal cord, tendon organ afferents 
synaptic actions on motoneurones in 
(cat), 227 
Splanchnicotomy, bladder distension re- 
flexes affected by (cat), 313 


4 


Quaternary ammonium ions, neuro- 
muscular transmission affected by 


SUBJECT INDEX xxl 


Spleen, sympathetic transmitter output by 
(cat), 81 

Spontaneous activity, recording by photo- 
electric method of (monkey), 3P 


Stellate ganglion, afferent fibres passing 


through (cat), 30 P 
Stick insect, ions effect on neuro muscular 
transmission in, 119 
Stomach, 5-HT liberator in (dog), 489 
Stretch reflex, apparatus for studying by 
slow stretches (T), 3P 
electrical and mechanical rhythmicity in 
voluntary muscle relation to (man), 
14P 
procaine effect after decerebration by 
anaemic method on (cat), 28P 
Renshaw circuit and y system in (cat), 394 
Strontium, heart muscle penetration by 
(frog), 510 
Succinyicholine, motor end-plate ‘de- 
sensitization’ by (frog), 71 


frequency 
on output from spleen of (cat), 84 


Taste threshold, high water intake effect 
on (man), 35P 
Temperature, blood vasoconstrictor sub- 
stances affected by (rabbit), 405 
“Ca entry into giant axon during stimula- 
tion affected by (squid), 265 
rearing at two different temperatures 
effect on tolerance to high (mouse), 
54P 
Tendon jerk, antidromic inhibitory effect 
on (cat), 396 
Tendon organ afferents, synaptic actions 
on motoneurones caused by impulses in 
(cat), 227 


Thalamus, tubocurarine effect under 
pentobarbitone and chloralose on (cat), 
186 

Thorax, elastic pressure-volume curves of 
living (rabbit), 474 

Thyroid hormone, cold resistance and 
oxygen consumption after adrenal- 
ectomy and thyroidectomy affected by 
(mouse), 44P 

Thyroxine, histamine release and (rat), 
51P 

Tracheal breathing, humeral 
comparison with (chicken), 287 

Transamination, small intestine in vivo 
(mammal), 41 P 

Tubocurarine, electrical activity of brain 
under chloralose affected by (cat), 178 


Vagal afferent fibres, conduction velocity 
in (cat), 21P 
Vagal stimulation, gastric contractions 
alterations after period of fast repetitive 
(cat), 47P 
inhibition and excitation of atria by 
(rabbit), 172 
Vasoconstrictor substances, plasma con- 
taining (man, rabbit), 406 
pyrogen release of (rabbit), 418 
Vasopressin, fate and excretion of pressor 
activity of (rat), 11 
Venous occlusion plethy graph, velo- 
dyne flowmeter comparison on model 
with (T), 1P 
Venous return, positive pressure ventila- 
tion effect on (cat), 111 
Vertebral arteries, effects of occlusion of 
carotid and (sheep, goat), 20P 


Walking, energy expenditure by men and 
women in, 165 
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Sweat, emergence in central foot-pad of 
(cat), 26P i 

S ffect 

i 

f 


